Time-Dependent Behavior of Noncomposite and Composite Post-Tensioned Concrete Girder Bridges by Fadl, Abdullahi Ibrahim & Gamble, W.L.
(0 
T:29A 
#43!J 
UllU-ENG-76-2015 
CIVIL ENGINEERING STUDIES 
COf! 3 STRUCTURAL RESEARCH SERIES NO. 430 
Illinois Cooperative Highway Research Program 
Series No. 163 
Conducted by 
THE STRUCTURAL RESEARCH LABORATORY 
DEPARTMENT OF CIVIL ENGINEERING 
ENGINEERING EXPERIMENT STATION 
UNIVERSITY OF ILLINOIS AT URBANA-CHAMPAIGN 
in cooperation with the 
STATE OF ILLINOIS 
DEPARTMENT OF TRANSPORTATION 
UNIVERSITY OF ILLINOIS 
AT URBANA-CHAMPAIGN 
URBANA, ILLINOIS 
OCTOBER 1976 

BIBLIOGRAPHIC DATA 11. Rr.~OrLU~ENG-76-20l5 r 2. 3. Recipient's Accession No. SHEET 
4. Tide and :Subride 5. Report Date 
Time Dependent Behavior of Noncomposite and Composite October 1976 
Post-Tensioned Concrete Girder Bridges 6. 
7. Aurhor(s) 8. Per"forming Organization Rept. 
A. I . Fadl and t~. L. Gamble No. SRS 430, ICHRP 163 
9. Performing Organization Name and Address 10. Project/Task/Work Unit No. 
Department of Ci vi 1 Engineering 
University of Illinois at Urbana~Champaign 11. Contract/Grant No. 
Urbana, Illinois 61801 
12. Sponsoring Organization Name and Address 13. Type of Report & Period 
Illinois Department of Transportation Covered 
2300 South Dirkesen Parkway Final 
Springfield, Illinois 62764 14. 
15. Sup lementar Notes 
16. Abstracts 
A method for the analysis of time-dependent deformations in a continuous post-
tensioned concrete gir'der is presented. The creep and shrinkage properties of the 
concrete and the relaxation of the steel can be varied, as can friction between 
strands and ducts. Recommendations are made for estimating long-term prestress 
losses for structures post-tensioned with either stress-relieved or low-relaxation 
strands. 
Large changes in stress distributions were found to occur at cross sections, and 
substantial changes in the moment distribution can occur, especially ,in composite" 
structures. These changes may occur even when there is only a small change in the 
steel force, and consequently the changes in concrete stress with time may not be 
closely related to the changes in steel stress. 
17. K~>:f Words and Document Analysis. 170. Descriptors 
Post-tensioned concrete bridge girders, prestress losses, creep, shrinkage, 
relaxation of steel stresses, long-term behavior, stress redistribution, 
computer analysis, 
17b. Identifiers/Open-Ended Terms 
17 c. COS A T1 Field/Group 13/13 
~----~~~~--------.--.-------------------------------~~~--~:----~~--~~----~----~ 18. Availabiltty Statement 19. Security Ciass (This 21. ·No. of Pages 
Release Unlimited 
Report) 
UNCLASSIFIED 
20. Security Class (This Page 
377 
22. Price 
~~ ______ . __________________________________________ ~ ____ ~U~NC~L~A~SS=l~f=IE=D~ ___ ~ ____________ ~ 
FORM NTI5-35 (REV" 10-73) ENDORSED BY ANS[ AND m-:ESCO, THIS FORM MAY BE REPRODUCED USCOMM-OC 8265-P74 

ACKNOWLEDGEMENT 
This report· is based on a Ph.D. thesis prepared by Dr. Fadl and 
submitted to the Graduate Colle.ge of the University of Illinois at Urbana-
Champaign. The Illinois Department of Transportation financed the pub-
lication of this report so that the results of the study could be more 
widely distributed. 
The contents of this report reflect the views of the authors who 
are responsible for the facts and accuracy of the data 
The contents do not necessarily reflect the official views or policies of 
the Illinois Department ,of Transportation. This report does not constitute 
a standard, specification, or regulation .. 

iv 
TABLE OF CONTENTS. 
1 INTRODUCTION 
1.1 General Remarks 
1.2 Background Information 
1.3 Object and Scope 
2 MATERIAL PROPERTIES AND METHOD OF ANALYSIS 
2.1 Introduction 
2.2 Prediction Functions of Material Properties 
2.3 . Rate of Creep Approach 
2.4 Basic Assumptions. 
3 FACTORS AFFECTING THE TIME-DEPENDENT BEHAVIOR 
3.1 Introduction 
3.2 Effects of Creep and Shrinkage Characteristics 
of the Concrete 
3.3 Effect of Composite Action 
3.4 Effect of Characteristics of Prestressing Strands 
3.5 Effect of Initial Stresses 
3.6 Effect of Sustained Loads Applied after 
Transfer of Prestress 
3.7 Effect of Continuity 
Page 
1 
1 
2 
8 
10 
10 
10 
. ·21 
36 
39 
39 
41 
72 
82 
89 
99 
· 104 
4 FACTORS FOR THE ESTIMATION OF LONG-TERM PRESTRESS LOSSES . 109 
4. 1 Introduction · 109 
4.2 Proposed Factors for Prestress Losses · 115 
4.3 Discussion of Proposed Factors for Prestress Losses · 119 
4.4 Comparison of Proposed Factors for Prestress Losses 
with Other Recommendati ons. 126 
v 
5 CONCLUSIONS AND RECOMMENDATIONS 
6 SUMMARY 
LIST OF REFERENCES 
APPENDIX 
A CREEP AND SHRINKAGE OF CONCRETE UNDER VARIABLE 
ENVIRONMENTAL CONDITIONS . 
B ANALYTICAL CONSIDERATIONS 
C GEOMETRY OF THE POST-TENSIONED GIRDERS 
AND CABLE PROFILES SELECTED FOR THE STUDY 
D NOTATION 
Page 
132 
140 
143 
277 
321 
359 
369 
vi 
LIST OF TABLES 
Table 
3.1 Effect of Tendon Friction and Slip at 
Anchorage on' Long-term Behavior, 
Page 
125 ft Two-span 56 in.-I Beam (Composite Type A) . 148 
3.2 Effect of Va·ryi ng Di fferent Parameters on Long-term Beha vi or, 
162 ft Two-span Noncomposite 78 in.-Box Girder 150 
3.3 Effect of Varying Different Parameters on Long-term Behavior, 
125 ft Two-span 56 in.-I Beam (Composite Type A) 
\and the Equivalent Noncomposite Beam. 152 
3.4 Effect of Varying Different Parameters 0n Long-term Behavior, 
125 ft Two-span 56 in.-I Beam (Composite Type B) . 154 
3.5 Measured Yield Stress for 7-Wire Stress-relieved Strands 156 
4.1 Summary of Loss Factors for the Estimation of Long-term 
Prestress Losses in Post-tensioned Bridge Members 157 
4.2 Prestress Losses (in psi) due to Shrinkage of the Concrete, 
Computed According to the .Proposed Shrinkage Loss Factor 158 
4.3 Comparison of Theoretical and Estimated Long-term 
Prestress Losses, Proposed Loss Factor~, 
120 ft One-span Noncomposite AASHTO Type III Beam 159 . 
4.4 Comparison of Theoretical and Estimated Long-term 
Prestress Losses, Proposed Loss Factors, 
125 ft One-span 56 in.-I Beam (Composite Type A) 
and the Equivalent Noncomposite Beam. 160 
4.5 Comparison of' Theoretical and Estimated Long-term 
Prestress Losses, Proposed Loss Factors, 
125 ft Two-span 56· in. - I Beam (Compos i te Type A) 
and the Equivalent Noncomposite Beam. 161 
4.6 Comparison of Theoretical and Estimated Long~term 
Prestress Losses, Proposed Loss Factors, 
125 ft Two-span 56 in.-I Beam (Composite Type B) . 163 
4.7 Comparison of Theoretical and Estimated Long-term 
Prestress Losses, Proposed Loss Factors, 
106.5 ft Two-span 48 in. -I Beam (Composite Type A) 164 
4.8 Comparison of Theoretical and Estimated Long-term 
Prestress Losses, Proposed Loss Factors, 
162 ft One-span Noncomposite 78 in.-Box Girder 165 
vii 
Table 
4.9 Comparison of Theoretical and Estimated Long-term 
Prestress Losses, Proposed Loss Factors, 
Two-span Noncomposite Beams, 78 in.-Box Girder 
and 102 in. Through Type Girder . 
4.10 Comparison of Theoretical and Estimated Long-term 
Prestress Losses, Proposed Loss Factors, 
Three- and Four-span Noncomposite 78 in.-Box Girders 
4.11 Comparison of Theoretical and Estimated Long-term 
Prestress Losses, 1975 AASHTO Interim Specifications, 
Two-span 56 in.~I Beam (Composite Type A) 
and the Equivalent Noncomposite Beam 
4.12 Comparison of Theoretical and Estimated Long-term 
Prestress Losses, 1975 AASHTO Interim Specifications, 
Two-span Composite Beams, 
56 in.-I (Type B) and 48 in.-I (Type A) 
4.13 Comparison of Theoretical and Estimated Long-term 
Prestress Losses, 1975 AASHTO Interim Specifications, 
One- and Two-span Noncomposite Beams, 
AASHTO Type III and 78 in.-Box Girder. 
4.14 Comparison of Theoretical and Estimated Long-term 
Prestress Losses, 1975 PCI Committee 
Recommendations (Simplified Method), 
One-span Beams, AASHTO Type III and 56 in.-I Girders 
4.15 Comparison of Theoretical and Estimated Long-term 
Prestress Losses, 1975 PCI Committee 
Recommendations (Simplified Method), 
Two-span 56 in.-I Beam (Composite Type A) 
and the Equivalent Noncomposite Beam . 
4.16 Comparison of Theoretical and Estimated Long-term 
Prestress Losses, 1975 PCI Committee 
Recommendations (Simplified Method), 
Two-span Composite Beams, 
56 in.-I (Type B) and 48 in.-I (Type A) 
4.17 Comparison of Theoretical and Estimated Long-term 
Prestress Losses, 1975 PCI Committee 
Recommendations (Simplified Method), 
One- and Two-span Noncomposite 78 in.-Box Girders. 
Page 
166 
167 
168 
169 
170 
171 
172 
174 
175 
Table 
A.l 
A.2 
A.3 
C.l 
viii 
Concrete Mix Proportions . 
Properties of Girder and Deck Concretes 
Age of Concrete at Time of Loading Creep Specimens 
and at Time of Zero Shrinkage Readings 
Section Properties of Deck Concrete 
Used in the Analysis 
Page 
295 
296 
297 
361 

Figure 
2.1 
2.2 
2.3 
2.4 
2.5 
2.6 
2.7 
ix 
LIST OF FIGURES 
C.E.B. Creep Factor k vs. Relative Humidity 
of Storage (1970) c . 
C.E.B. Cree~ Factor kd vs. Age at Loading (1970) . 
C.E.B. Creep and Sh~inkage Factors k vs. 
Theoretical Thickness (1970) . e. 
C.E.B. Creep and Shrinkage Factor kb vs. 
Mix Proportions (1970) 
C.E.B. Creep and Shrinkage Factor kt vs. Time (1970) 
C.E.B. Shrinkage Factor €c vs. 
Relative Humidity of Storage (1970) 
Steel Relaxation .taking into Account Step-wise Changes 
in Steel Stress. at the end of each Time Interval . 
Creep under Variable Stress According to 
the Rate of Creep Method ~ 
Page 
176 
176 
177 
177 
178 
i78 
179 
180 
3.1 Effect of Creep and Shrinkage of Girder Concrete on Creep, 
Re1axatiQn,andTotal Time-dependent ~restress Losses 
.... -(in.percentof .. f s,)·,·lwo,..span.56Jn. ~.L-Beam._(CompositeIypeA).. 181 
3.2 Effect of Creep and Shrinkage of Girder Concrete on the 
Change in Camber at Midspan with Time, Two-span 56 in.-I Beam' 
(Composite Type A) and Equivalent Noncomposite Beam 183 
3.3 Effect of Creep and Shrinkage of Girder Concrete on the Change 
in Net.External Moment at the Center Support with Time, 
Stress-relieved Strands, Two-span 56 in.-I Beam (Composite 
Type A) and Equiva1e~t Noncomposite Beam 184 
3.4 Effect of Creep and Shrinkage Girder Concrete on the Final 
Distribution of Concrete Stresses, Stress-relieved Strands, 
Two-span 56 in.-1 Beam (Composite Type A) and Equivalent 
Noncomposite Beam 185 
3.5 Effect of Relative Humidity on Creep and Shrinkage Strains 
of Girder Concrete, 56 in.-I Beam and 78 in.-Box Girder. 186 
3.6 Effect of Relative Humidity on Creep and Total Time-
dependent Prestress Losses (in percent of f.), Two-span' 
56 in.-1 Beam (Composite Type A) S1 187 
x 
Figure Page 
3.7 Effect of Relative Humidity on Changes in Camber with Time, 
Two-span 78 in.-Box and 56 in.~t Beam . 188 
3.8 Effect of Relative Humidity on the Final Distribution of 
Concrete Stresses, Stress-relieved Strands, Two-span 56 in.-
I Beam (Composite Type A) and Equivalent Noncomposite Beam . 189 
3.9 Effect of Age of Girder Concrete at Time of Prestressing on 
Creep and Shrinkage Strains According to the 1970 C.E.B. 
Recommendations, 56 in.-I Beam. . 190 
3.10 Effect of Age Qf Girder Concrete at Time of Prestressing 
on Total Time-dependent Prestress Losses (in percent 
of f s{)' Two-span Noncomposite 56 in.-I Beam . 191 
3.]1 Effect of Age of Girder Concrete at Time of Prestressing on the 
Change in Camber at Midspan with Time, Two-span 56 in.-l Beam 
(Composite Type A) and Equivalent Noncomposite Beam . 192 
3.12 Effect of Age of Concrete at Time of Prestressing on the 
Change in Support Moment with Time, Two-span 56 in.-I Beam 
(Composite Type A) and Equivalent Non~omposite Beam . 193 
3.13 Effect of Age of Girder Concrete at Time of Prestressing 
on the Final Distribution of Concrete Stresses, Stress-
relieved Strands, Two-span 56 in.-l Beam (Composite Type A) 
and Equivalent Noncomposite Beam . . 194 
3.14 Effect of Concrete Stress Reduction on Creep-Time 
Relationships According to the Revised Rate of Creep 
Method (1970 C.E.B. Values), 56 in.-l Section . 195 
3.15 Effect of Age of Girder Concrete at Time of Deck Casting 
on Creep, Relaxation, and Total Time-Dependent Prestress 
Losses (in percent of f i)' Two-span 56 in.-l Beam 
(Compos i te Type B). s. . . .. . 196 
3.16 Effect of Age of Girder Concrete at Time of Application 
of Additional Loads Placed after Prestressing on the 
Change in Camber with Time, Two-span 56 in.-l Beams . 197 
3.17 Effect of Time of Casting Deck Concrete on the Change in 
Support Moment with Time, Two-span 56 in.-I Beam 
(Composite Type B) . . 199 
3.18 Effect of Girder Concrete at Time of Deck Casting on the 
Distribution of Concrete Stresses with Time, Stress-
re 1 i eved Strands, 56 in. - I Beam (Compos i te Type B) . 200 
xi 
Figure 
3.19 Effect of Shape and Size of Structural Member on Creep 
and Shrinkage Strains According to the 1970 C.E.B. 
Page 
Recommendations \ 201 
3.20 Effect of Type of Cement ori Creep Strains According to 
the 1970 C.E.B. Recommendations, 56 in.-I and 78 in.-
Box Sections' . 202 
3.21 Effect of Type of Cement on the Change of Elastic 
Modulus of Concrete with Time According to 
the 1970 C.E.B. Recommendations 203 
3.22 Variations of Elastic Modulus with Time for Girder and 
Deck Concretes Considered in the Analysis 204 
3.23 Effect of Variations in the Modulus of Elasticity of Concrete 
on the Change in Camber at Midspan with Time, Two-span 
56 in.-I Beams (Noncomposite and Composite Types A and B) 205 
3.24 Creep and Shrinkage Strains for Girder and Deck Concretes 
used in the Analysis, Standard Case, 56 in.-I Beams 
(Composite Types A and B), 1970 C.E.B. Recommendations. 206 
3.25 Differential Shrinkage Strains used in the Analysis, . 
56 in.-I Beam (Composite. Type A) . , 207 
3.26 Differential Creep Strains used in the Analysis, 
56 in.-I Beam (Composite Type A) 208 
3.27 Effect of Composite Action on Total Time~dependent 
Prestress Losses (in percent of fsi), Two-span 56 in.-I Beam 
(Composite Type A) and Equivalent Noncomposite Beam . . 209 
3.28 Effect of Creep and Shrinkage Characteristics of Deck 
Concrete on Creep and Total Time-dependent Prestress Losses 
(in percent of f
si )' ,56 in.-I Beam (Composite Type A) 210 
3.29 Effect of Creep and Shrinkage Characteristics of Deck 
Concrete on the Change in Camber at Midspan with Time, 
Stress-relieved Strands, Two-span 56 in.-I Beam 
(Composite Type A) . 211 
3.30 Effect of Creep and Shrinkage of Deck Concrete and Creep of 
Girder Concrete at Time of Deck Casting on the Change in 
Camber at Midspan with Time, Two-span 56 in.-I Beam 
(Composite Type B) . 212 
3.31 Effect of Creep and Shrinkage Characteristics of Deck 
Concrete on the Change in Support Moment with Time, 
Two-span 56 in.-I Beam (Composite Type A) 213 
xii 
Figure 
3.32 Effect of Creep and Shrinkage of Deck Concrete and Creep 
of Girder Concrete on the Change in Support Moment with 
Page 
Time, Two-span 56 in.-1 Beam (Composite'Type B) 215 
3.33 Effect of Creep and Shrinkage Characteristics of Deck 
Concrete on the Final Distribution of Concrete Stresses, 
Stress-relieved Strands, Two-span 56 in.-1 Beam 
(Composite Type A) . 216 
3.34 Variations of Stresses in Girder Concrete with Time, 
56 in.-I Beam (Composite 'Type A) and Equivalent 
Noncomposite Beam . 218 
3.35 Comp~rison between Final Di~tribution of Concrete Stresses 
Obtained from Analysis and the Values Computed Considering 
the Total Long-term Prestress Losses, Two-span 56 in.-1 
Beam (Composite Type A) and Equivalent Noncomposite Beam 219 
3.36 Variations of Stresses in Girder Concrete with Time, 
Two-span 56 in.-I Beam (Composite Type B) 220 
3.37 Distribution of Concrete Stresses with Time, Two-span 
56 in.-1 Beam (Composite Type B) 222 
3.38 Effect of Creep and Shrinkage of Deck Concrete and Creep 
of Girder Concrete on the Change in Girder Stresses with 
Time after Deck Casting, Stress-relieved Strands, Two-span 
56 in.-1 Beam (Composite Type B) 223 
3.39 Effect of Characteristics of the Prestressing Strands 
on Pure Relaxation . 224 
3.40 Effect of Type of Prestressing Strands on Creep, 
Relaxation, and Total Prestress Losses (in percent of f si )' Two-span 56 in.-I Beam (Composite Type A). .. 225 
3.41 Effect of Yield Stress of Strands on Creep, Relaxation, 
and Total Prestress Losses (in percent of f si )' Two-span 56 in.-1 Beam (Composite Type A) . 226 
3.42 Effect of Yield Stress of Strands on the Components of 
Long-term Prestress Losses, Two-span 56 1n.-I Beam 
(Composite Type A) . 227 
3.43 Effect of Type of Prestressing Strands and Yield Stress 
on Changes in Camber with Time, Two-span 56 in.-I Beam 
(Composite Type A) and Equivalent Noncomposite Beam 229 
3.44 Effect of Characteristics of Prestressing Strands on the 
Change in Support Moments with Time, Two-span 56 in.-1 Beam 
(Composite Type A) and Equivalent Noncomposite Beam 230 
\ 
xiii 
Figure Page 
3.45 . Effect of Type of Prestressing Strands and Yield Stress 
on the Distribution of Concrete Stresses with Time, 
Two-span 56 in.-I Beam (Composite Type A) 231 
3.46 Effect of Type of Prestress"ing Strands on the Distribution 
of Concrete Stresses with Time, Two-span 56 in.-I Beam 
(Noncomposite) . . . . . . . 232 
3.47 Effect of Initial Steel Stress on Pure Relaxation 233 
3.48 Effect of Initial Steel Stress on Creep, Relaxation, and 
Total Time-dependent Prestress Losses (in percent of f si )' Two-span 56 in.-I Beam (Composite Type A) 234 
3.49 Effect of Initial Concrete Stresses on Creep, Relaxation, 
and Total Time-dependent Prestress Losses (in percent of f si )' Two-span 56 in.-I Beam (Composite Type A) 236 
3.50 Effect of Initial Steel Stress on Creep, Relaxation, and 
Total Time-dependent Prestress Losses (in percent of f.), 
Two-span 78 in.~Box Beam. S1 238 
3.51 Effect of Initial Concrete Stresses on Creep and Total 
Time-dependent Prestress Losses (in percent of f.), " 
Two-span 78 in.-Box Beam. S1 239 
3.52 Effect of Initial Stresses on the Change in Camber with 
Time, Two-span 56 in.-I Beam (Composite Type A) 241 
3.53 Effect of Initial Stresses on the Change in Camber 
with Time, Two-span 78 in.-Box Beam 242 
3.54 Effect of Initial Stresses on the Change in Support Moment 
with Time, Two-span 78 in.-Box Beam and 56 in.-I Beam 
(Composite Type A) . 243 
3.55 Effect of Initial Stresses on the Distribution of Concrete 
Stresses with Time, Stress-relieved Strands; Two-span 
56 in.-I Beam (Composite Type A) 244 
3.56 Effect of Additional Load Applied after Prestressing on 
the Total Time-dependent Losses, Two-span 78 in.-Box Beam 245 
3.57 Effect of Dead Load of Deck on Total Time-dependent 
Prestress Losses, Two-span 56 in.-I Beam (Composite Type B) 246 
3.58 Effect of Additional Loads Applied after Transfer of 
Prestress on the Change in Camber with Time, Two-span 78 in.-
Box Beam and Two-~pan 56 in.-I Beam (Composite Type B) . 247 
xiv 
Figure 
3.59 Effect of Additional Loads Applied after Prestressing 
on the Change in. Support Moment with Time, Two-span 
Page 
56 in. - I Beam (Compos i te Type B) 248 
3.60 Effect of Weight of Additional Topping on the Distribution of 
Concrete Stresses with Time, Stress~relieved Strands, Two-span 
78 in.-Box Beam 249 
3.61 Effect of Deck Size on the Distribution of Concrete Stresses 
with Time, Stress-relieved Strands, Two-span 56 in.-I Beam 
(Compos i te Type B) . 250 
3.62 Effect of Continuity on Creep and Total Time-dependent 
Prestress Losses at Midspan Sections, 78 in.-Box 
and 56 in.-I Beams, Stress-relieved Strands 251 
3.63 Effect of Continuity on the Change in Camber with Time, 
78 in.-Box and 56 in.-I Beams 252 
3.64 Effect of Continuity on Distribution of Concrete Stresses 
at the Midspan Sections, Stress-relieved Strands, 
78 in.-Box and 56 in.-I Beams 253 
3.65 Effect of Secondary Moment on the Change in Net External 
Moment at the Center Support with Time, Two-span 56 in.-
I Beam (Composite Type A) and Equivalent Noncomposite Beam 254 
4.1 Shrinkage Factor as a Function of the Theoretical 
Thickness of the Member 255 
4.2 Shrinkage Reduction Factor as a Function of Theoretical 
Thickness and Drying Time before Transfer of Prestress 
(According to C.E.B., .1970) . 256 
4.3 Shrinkage Reduction Factor as a Function of the 
Theoret; ca 1 Thi ckness, dm;; and Dry; ng Time, t I, before Transfer (for 20 < d < 30 cm). 257 
- m-
4.4 Shrinkage Loss as a Function of Relative Humidity 
and Theoretical Thickness of the Member 258 
4.5 
4.6 
4.7 
Shrinkage Loss Estimated According to Different 
Recommendations 
Creep Factor as a Function of Relative Humidity 
Creep Factor as a Function of Type of Cement 
and Age of Concrete at Transfer of Prestress 
e. 259 
260 
261 
xv 
Figure 
4.8 Creep Factor as a Function of the Theoretical 
Thickness of the Member 
4.9 Creep Loss as Affected by Concrete Stress at the 
Level of the Prestressing Steel at Transfer 
4.10 Creep Loss as Affected by the Sum of Shrinkage 
and Relaxation Losses 
4.11 Total Prestress Losses as Affected by Stress Reduction 
Concrete at the Level of the Prestressing Steel due to 
Additional Loads Applied 60 days after Transfer . 
in 
4.12 Change in Creep Loss, 6CRcds' as a Function of the Stress Reduction in Concrete at the Level of the Prestressing _ 
Page 
262 
263 
264 
265 
Steel due to Additional Loads -Applied 60 days after Transfer. 266 
4.13 Relaxation Loss as a Function of Pure Relaxation. 267 
4.14 Relaxation Loss -as Affected by the Sum of Creep and 
Shrinkage Losses 268 
4.15 The Difference between Pure and Theoretical Relaxation 
as a Function of the Sum of Creep and Shrinkage Losses . 269 
4.16 Comparison between Proposed and Theoretical Relaxation Losses. 270 
4.17 Comparison between Proposed and Theoretical Creep Losses 271 
4.18 Comparison between Proposed and Theoretical Total 
Prestress Losses 272 
4.19 Comparison between Total Prestress Losses Calculated Using 
the 1975 AASHTO Interim Specifications (without Creep 
Reduction for Loading Age) and the Theoretical Values 273 
4.20 Comparison between Total Prestress Losses Calculated Using. 
the 1975 AASHTO Interim Specifications (with Creep 
Reduction for Loading Age) and the Theoretical Values 274 
4.21 Correction Factor for the Theoretical Thickness of the 
Member According to the 1975 PCI Recommendations. 275 
4.22 Comparison between Total Prestress Losses Calculated Using 
the 1975 PCI Recommendations and the Theoretical Values 276 
A.l Creep Rack and Instrumentation. 298 
xvi 
Figure Page 
A.2 Total Strains in Creep Specimens, Concrete D 
(Girder Concrete, Douglas County Bridge) 299 
A.3 Creep and Shrinkage Strains, Concrete D 
(Girder Concrete, Douglas County Bridge) 300 
A.4 Measured and Predicted Creep Values for Field Cylinders,. 
Concrete D (Girder Concrete, Douglas County Bridge) 301 
A.5 Measured and Predicted Shrinkage Strains for Field 
Specimens, Concrete D (Gi'rder Concrete, Douglas 
County Bridge) , 302 
A.6 Total Strains in Creep Specimens, Steam cured Concrete A 303 
A.7 Creep and Shrinkage Strains, Steam cured Concrete A 304 
A.B Total Strains in Creep Specimens, Moist cured Concrete A 305 
A.9 Creep and Shrinkage ,Strains, Moist cured Concrete A 306 
A.10 Measured and Predicted Creep and Shrinkage Values for 
Field Specimens, Moist cured Concrete A 307 
A.ll Total Strains in Creep Specimens, Concrete C 
. (Girder Concrete, Champaign County Bridge) 30B 
A.12 Creep and Shrinkage' Strains, Concrete C 
(Girder Concrete, Champaign County Bridge) . 309 
A.13 Measured and Predicted Creep and Shrinkage Values for 
Field Specimens, Concrete C (Girder Concrete, 
Champaign County Bridge) . . . 310 
A.14 Creep and Shrinkage Strains for Field Specimens, Concrete J 
(Girder Concrete, Jefferson County Bridge) . 311 
A.15 Total Strains in Creep Specimens, Concrete C2 
(Deck Concrete, Champaign County Bridge) 312 
A.16 Creep and Shrinkage Strains, (oncrete C2 
(Deck Concrete, Champaign County Bridge) 313 
A.17 Measured and Predicted Creep and Shrinkage Values for 
Field Specimens, Concrete C2 (Deck Concrete, 
Champaign County Bridge) . 314 
A.1B Total Strains in Creep Specimens, Concrete D2 
(Deck Concrete, Douglas County Bridge) 315 
xvii 
Figure Page 
A.19 Creep and Shrinkage Strains, Concrete 02 
(Deck Concrete, Douglas County Bridge) 316 
A.20 Measured and Predicted Creep and Shrinkage Values 
for Field Specimens, Concrete 02 
(De~k Concre~e, Douglas County Bridge) 317 
A~2l Total Strains in Creep Specimens, Concrete J2 
(Deck Concrete, Jefferson County Bridge) 318 
A.22 Creep and Shrinkage Strains, Concrete J2 
(Deck Concrete, J~fferson County Bridge) 319 
A.23 Measured and Predicted Creep and Shrinkage Values 
for Field Specimens, Concrete J2 
(Deck Concrete, Jefferson County Bri dge) 32.0 
B.l Variation of Initial Steel Stress along the Span. 354 
B.2 Differential Shears and Associated Moments, Curvatures, 
and Strain Distribution in a Composite Beam 355 
B.3 Changes in Support Moments and Rotations 
due to Creep and Shrinkage 357 
B.4 Elastic Strain Recovery due to all Effects of Creep and 
Shrinkage of Concrete and Stress Relaxation of Steel 
during any given Time Interval and for a given Section 
along the Span 358 
C.l 56 in· .... ! Beam (Modified Illinois Standard 54 in.-I Beam) 362 
C.2 Illinois Standard 48 in.-I Beam 364 
C.3 AASHO-Type III Section (With 8 in. Precast Noncomposite Deck). 365 
C.4 Post-tensioned 78 in.~Box Girder Bridge 366 
C.5 Through Type Railroad Bridge Girder 368 

1 
1. INTRODUCTION 
1.1 General Remarks 
Prestressed concrete structures undergo time~dependent deformations 
and stress redistributions due to creep and shrinkage of the concrete 
and stress relaxation of the prestressing steel. The rate of these 
time-dependent deformations decreases continuously with time, although 
measurable deformations may occur over many years. The prediction of 
these time-dependent deformations and stresses is very complex and 
requires detailed information regarding the rheological properties of 
the constituent materials, the ambient exposure conditions, and 
construction factors related to the construction sequence and the 
curing conditions. 
Usually, the time-dependent behavior does not affect the ultimate 
capacity of prestressed concrete members, but it may often be critical 
for serviceability, especially when the design is based on some limiting 
concrete stress in tension. For prestressed concrete structures, designed 
according to existing codes, the behavior under service load may often 
be the governing criteria in determining the required member sizes, 
tendon profiles, and amounts'of prestress. Hence, a thorough under-
standing of the basic factors contri.buting to this time-dependent 
behavior is essential. 
In recent years, there has been considerable renewed interest in 
the time-dependent deformations and prestress losses in prestressed 
concrete structures. As a resu~t, some long-term investigations df:the 
time-dependent behavior of prestressed concrete bridges have been 
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carried out under lab storage conditions and under field exposure 
conditions where the varying environment could have a significant 
influence in the behavior of the structure (23,37,60). Based on the 
observations and conclusions made in these investigations and in the 
light of the experience gained from the performance of such structures 
under both laboratory and field exposure conditions, analytical studies 
have been carried out on bridge members earlier by Mossiossian and 
Gamble (47), and later by Hernandez and G~mble (36), in an attempt to 
incorporate this knowledge in making some practical recommendations 
regarding the prediction of time-dependent deformations and prestress 
losses in prestressed concrete girder bridges. This parametric study 
is a continuation of that effort. 
1.2 Background Information 
Time-dependent deformations of concrete originate primarily in the 
hardened cement paste. This strongly hydrophylic material is formed 
by hydration of the cement grains. It has a very fine gel-type structure 
with a high degree of porosity ranging typically between 0.4 arid 0.55, 
a huge internal surface area of about 500 m2/cm3, and usually contains a 
large amount of evaporable water. The hydration process, which continues 
at normal temperatures for years and may never reach its completion, 
causes a gradual change, known as aging, in the properties of the cement 
paste and hence concrete. Furthermore, as the material has a low degree 
of chemical stability, its microstructure interacts with water and 
undergoes gradual changes in- response to stress and environmental 
conditions. These aspects are responsible for the extreme complexity 
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of the material and the resulting difficulty of identifying its 
rheological properties. 
, 
To realize the various degrees.of simplification used in the 
analysis, it is appropriate to give a brief exposition of some of the 
basic experimental observations related to creep and shrinkage. A 
comprehensive review of the theories of creep and shrinkage with a 
precis of recent developments' is given by Bazant (14), Mossiossian and 
Gamble (47), and also in the book by Neville and .Dilger (48). 
1. At constant water content and temperature, creep is linearly 
related to stress up to about 0.4 of the strength and obeys the principle 
of superposition, provided that cyclic strains are excluded (48). 
However, changes in the rate of creep are not proportional to the 
corresponding changes in the applied stress so that if stresses are 
increased, the rate of unit creep is increased and vice versa (46). 
Creep in tension, which is of interest in calculating tensile stresses 
in prestressed concrete beams and in estimating the possibility of 
cracking due to shrinkage and thermal stresses, is considered to be about 
the same as the compressive creep. In flexure, the tensile creep behavior 
may be modified by t~e strain gradient. Under stresses exceeding about 
0.4 of the concrete strength; creep becomes progressively nonlinear with 
stress; the additional creep due to nonlinearity is largely irreverisble 
(48) .. 
2. Creep diminishes with the increase in the age of loading even 
when the degree of hydration does not change with age. This effect, 
known as aging, is important even for concretes many years old. Although 
aging has been explained so far only in terms of cement hydration, Jt is 
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significant even in old concretes where the amount of cement still 
undergoing hydration as well as the changes in strength and elastic 
modulus are negligible. Hence, the change of porosity resulting from 
the progress of hydration does not fully account for the reduction of 
creep with age of loading. The remaining difference in creep is 
attributed to an unspecified aging process (48, 50). 
3. Creep curves plotted against logarithm of time since loading 
have a significant slope over many years. The additional creep and 
elastic strain due to a stress increment after a long period of creep 
is less than that due to the same stress increment on a virgin specimen 
of the same age (53). 
4. Creep under a continuously decreasing stress is significantly 
less than that under a constant stress even though the initial stresses 
were the same. In prestressed concrete structures, creep, shrinkage and 
relaxation decrease the prestressing force which, in turn, decreases the 
stress level, thereby causing an elastic rebound and recovery of some of 
the initial elastic strain. This process results in creep values much 
less than those obtained under a constant stress equal to the initial 
stress (37, 47). 
5. When concrete is drying under load, creep will be accelerated 
due to the effect of drying creep which is known to be considerably 
in excess of the basic creep of an initially saturated concrete. The 
acceleration occurs not only in compression but also in bending and 
shear. This effect is also manifested in the dependence of creep on 
the size and shape of specimens. Furthermore, under simultaneous 
drying, the nonlinearity of creep versus stress is more pronounced and 
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the additional creep due to drying is irrecoyerable~ It is usually 
assumed that the additional creep results from the greater diffusion of 
water under combined loading and dr¥ing than under the two mechanisms 
taken separately (9,' 41,42,48,50,52,62). 
6. Creep is considerably accelerated by any cycling or rapid 
change in water content or temperature while stationary permeation of 
water through concrete at a constant water content does not affect 
creep appreciably. In drying specimens, loading as such causes a 
negligible loss of water when compared to an unloaded companion specimen. 
Also, the rise in pore humidity due to loading of a sealed specimen 
is negligible. Thus, although moisture loss affects deformations under 
load, the presence of load and the process of creep do not influence 
the moisture loss (33, 48). 
7. Tests have indicated that the effects of field climatic 
conditions on creep and shrinkage are not the same and can be significant. 
Under highly variable environmental conditions, creep strains much larger 
than those normally associated with the average relative humidity may 
occur while the shrinkage strains develop only to the expected values, 
indicating that shrinkage is much less susceptible to changes in, climatic 
conditions than the corresponding creep. Thus variations in field 
temperature and humidity may cause an increase in the magnitude of creep 
beyond that associated with the lower limits of relative humidity (37, 
42, 47, 63; also see Appendix A). 
8. The size and shape of concrete specimens affect both the rate 
"" and magnitude of creep and shrinkage even under the same environment. 
A study of these effects reported in References (11, 47) revealed that the 
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normal trends of decreasi~g creep and shrinkage with increasing member 
size as proposed by Hansen and Mattock (34) cannot be indiscriminately 
extended to either variable climatic conditions or to very thin members. 
Small specimens with very low volume-surface ratios are able to dry out 
very quickly. Hence, their initial rates of creep and shrinkage are 
very high but decrease substantially much earlier than is usually the 
case with larger specimens leading to large creep and shrinkage strain 
values. This may be viewed merely as a compression in the time scale 
by considering that the material parameters are functions of an 
equivalent hydration period rather than being functions of actual time. 
However, the rapid drying slows down and may even stop hydration at a 
much earlier age than in larger specimens and hence ultimate values of 
creep and shrinkage would not be expected to develop. Also, since part 
of creep, known as basic creep, is independent of size and shape (9), 
changes of volume-to-surface ratio would affect the total creep to a 
lesser extent than shrinkage and, as a result, size effects would vary 
with temperature and relative humidity. 
9. After unloading creep is partly irreversible. Recovery of 
sealed specimens is only about two-thirds the value predicted by the 
principle of superposition. Creep recovery is almost independent of 
age and is linearly dependent on the stress drop (48). 
10. Aging is slowed down by a drop in pore humidity and accelerated 
by a rise in temperature (49). Diffusion of water in concrete 
increases with temperature and decreases with ag~~g. After a 
wetting-drying cycle where the pore humidity exceeds 0.5, the internal 
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surface area of the pores in the cement paste is considerably decreased 
and the volume of solids is correspondingly increased (21). 
11. During the first drying, Shrinkage, which occurs at values 
of pore humidity above 0.5, is cons"iderably larger than the shrinkage 
that takes place ove~ the range of pore humidity below 0.5, while on 
rewetting most swelling occurs at pore humidity below 0.5. A considerable 
part of shrinkage and swelling is irrecoverable, but on drying, substantial 
irreversibility occurs only if the maximum pore humidity during wetting 
has exceeded 0.5. Also an appreciable part of shrinkage seems to be 
delayed with ~egard to changes in pore humidity (35) . 
. The brief review given above indicates that the prediction of 
time-dependent stresses and deformations in concrete structures is 
complex and involves a relatively large number of significant, yet 
uncertain, factors. Thus, in spite of the vast amount of literature in 
this field, many important questions still remain unanswered, especially 
with regard to the constitutive equation and effects of variable 
environmental conditions. This is due to the complex nature of the 
material. Aside from a number of nonlinear effects, the material 
properties change as a result of internal chemical reactions and "the 
deformation problem is coupled with moisture diffusion through the 
material. Furthermore, identification of material properties from test 
data is hampered by the broad variations in the concretes used due to 
the differences between regional sources of aggregates and cements. 
Also, as a result of the greater dependence on environmental conditions, 
load history, etc., there is usually less correlation between laboratory 
and field serviceability performance than between laboratory and field 
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strength behavior. However, laboratory results, when properly modified 
by the effects of climatic conditions and member sizes, may give results 
within tolerable limits (upper and lower bounds) when checked against 
actual performance indicating that the behavior is not very sensitive 
to the considerable scatter in the concrete volume~change data (8, 47). 
1.3 Object and Scope 
The main objective of this investigation is to provide a better 
understanding of the time-dependent behavior of post-tensioned 
noncomposite and composite concrete girder bridges subjected to either 
fluctuating humidity and temperature in the field, or to constant 
environmental conditions in the laboratory. 
The scope of this investigation is divided into two parts: 
1. The analytical study of the main parameters affecting the 
time-dependent behavior of post-tensioned girde~ bridges. 
2. The development of simple expressions for estimating the 
long-term prestress losses in post-tensioned bridge members. 
The analytical study includes the application of the revised rate 
of creep method (47) to predict the time-dependent stresses, strains,· 
curvatures, support moments, camber, and prestress losses in post-
tensioned noncomposite and composite concrete bridge girders continuous 
over one, two, three, or four spans. For this purpose, a computer 
program based on an iterative approach to the revised rate of creep 
method was developed. The method of analysis is treated as step-by-step 
numerical procedure which takes into account all the important variables 
that affect the time-dependent behavior of bridge members. 
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The main factors considered in this study were: Age of girder 
concrete at transfer of prestress and .at time of placing a composite or 
noncomposite topping, initial stresses in the concrete and in the steel, 
additional permanent loads applied after prestressing, type of pre-
stressing strands (stress-relieved or low-relaxation strands), creep 
and shrinkage characteristics of the concrete, and the effects of 
varying environmental conditi'ons. These parameters were considered 
in terms of their effects on prestress losses, camber, concrete stresses, 
and redistribution of moments in post-tensioned noncomposite and 
This study is limited only to cast-in-situ post-tensioned construction 
and precast post-tensioned composite construction where the structure is 
assumed to be stress-free up to the time of prestressing. Cases where ' 
pretensioned and post-tensioned systems are combined were not considered 
and cantilever segmental construction was not covered. Furthermore, the 
material properties used in this investigation refer only to normal weight 
concrete and fully bonded 270 ksi strands. Cases of unbonded strands, 
, wire tendons, and bar tendons were not included and the effects of 
nontensioned reinforcement were not considered. 
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2. MATERIAL PROPERTIES AND METHOD OF ANALYSIS 
2.1 Introduction 
There are usually two types of approximations in the prediction 
of long-term behavior of concrete structures: (a) Those resulting from 
an inaccurate knowledge of the creep, shrinkage, and relaxation versus· 
time relationships, especially under field conditions, and the minimization 
of these is a problem of material research, and (b) those caused by the 
assumptions and simplifications introduced in the analysis to avoid 
handling complex expressions, and· these depend on the approximate nature 
. of the method of analysis. If the predictions are compared directly with 
the measured values, it may· not be possible to separate the two types of 
errors and hence no information on the degree of accuracy of the method 
as such would be obtained. Accordingly, judgment on the relative accuracy 
of the various methods of analysis should be made on the basis of 
compari son wi th theoreti ca lly exact sol uti ons for the property .pred i cti on 
functions assumed. Then, if the method of analysis is known to be 
reasonably accurate and yet significant .discrepancies are found between 
observed and predicted values, the answer should be sought in the 
rheological properties adopted for the constituent materials. 
2.2 Prediction Functions of Material Properties 
All methods of analysis which attempt to predict the long-term 
behavior of concrete structures assume that the material properties in 
the form of unit creep strain, shrinkage strain, and steel relaxation 
versus time relationships are known. Consequently, the reliability of 
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these predictions, besides being dependent on the ability of the method 
of analysis to account for the interrelated effects of creep and shrinkage 
of concrete and relaxation of the prestressing steel, will also depend on 
the accuracy with which these time~dependent material properties can be 
estimated. 
Numerous researchers have tried to develop expressions for the 
prediction of basic creep and shrinkage characteristics of concrete as a 
function of time. Generally two groups of researchers can be distinguished 
in this field. The approach of the first group is to express the 10ng-
term dimensional changes in concrete in terms of engineering variables 
under specified standard conditions with multiplying factors, assumed to 
be independent, which allow for conditions other than those specified. 
The expressions given in References (8), (17), (26), and (40) fall into 
this category. Based on considerations of the microstructure of the 
cement paste, the seat of creep and shrinkage, and the role of adsorbed 
water, the second group tries to develop rheological models which attempt 
to relate creep and shrinkage to a more fundamental set of Variables of -
state, which may not be the most convenient from the engineering standpoint, 
such as total porosity, evaporable moisture content, degree nf hydration, 
and aglng. References (12), (48), (50), and (64) are examples of this 
approach. As a result of the considerable amount of research that has 
been done in the field of creep and shrinkage, a number of property 
prediction functions have been developed for the estimation of the basic 
creep and shrinkage versus time relationships. Unfortunately, for a 
variety of reasons, most of these expressions are not suitable for general 
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use in concretes subjected to variable environmental and loading 
conditions. The major drawback common to all the attempts made so far 
has been their inability to take into account the significant modifica-
tions in creep and shrinkage values due to the effects of variable 
environments to which concrete structures in the field are exposed 
during their life span. 
In the absence of basic creep and shrinkage data established under 
conditions of exposure similar to those imposed on the structure, the 
procedure recommended by the e.E.B.- (17) so far seems to be the One 
most suitable for predicting the deformational properties of concrete. 
2.2.1. Prediction of Creep and Shrinkage Strains According to 
the European Concrete Committee (C.E.B.) Recommendations 
Mossiossian and Gamble (47) made comparisons between the creep 
and shrinkage values measured in the lab, those recorded in the field, 
and the values obtained following the C.E.B. recommendations. The 
authors concluded that a fair estimate of the ultimate creep and shrinkage 
values can be made using these recommendations. For field specimens, the 
upper and lower bounds of the expected creep values can be obtained by 
using the minimum monthly ave~age and the annual mean values of the 
relative humidity in the field. The expected shrinkage values can be 
obtained by assuming that the specim~ns are st6red at a constant relative 
humidity equal. to the average annual relative humidity in the field. 
The creep and shrinkage data reported in References (23, 33, 37, 47) 
and that presented in Appendix A shows that creep strains in concrete 
specimens subjected to outdoor exposure are much larger than would 
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normally have been associated with the average range of the field humidity. 
This high creep in a relatively moist environment must be taken into account 
if the long-term behavior of concrete structures is to be properly assessed. 
The comparative study reported by Hernandez and Gamble (36) indicates that, 
for the Illinois Department of Transportation standard highway bridges 
analyzed, the measured and calculated values are in much better agreement, 
when the C.E.B. recommendations are followed, if a combination of creep 
values at 50 percent relative humidity and shrinkage values at 80 percent 
relative humidity is used instead of treating those cases separately. This 
procedure is followed in this study in:an attempt to account for the effects 
of the variable relative hu.midity in the field. 
In this investigation, predictions of shrinkage and unit creep strains 
versus time relationships are based on the 1970 C.E.B. recommendations (17) 
using, as a standard case, creep values at 50 percent relative humidity 
and shrinkage values at 80 percent relative humidity. The notation used 
here is primarily that of the C.E.B. 
According to the C.E.B. recommendations, Section R12.3l, creep 
under working stress and constant environmental conditions is estimated 
using a set,of factors which are given in the form of curves within 
useful ranges. These factors. reflect the influence of the relative 
humidity of storage, age of the concrete at the time of loading, shape 
and size of the cross section of the member, composition of the concrete 
mix, and time since application of load. 
According to the C.E.B. recommendations, creep of the concrete under 
a constant stress and constant environmental conditions is given by: 
where: 
where: 
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(2. 1 ) 
Ec(28) = secant modulus of the concrete at the age of 28 days, 
fc(to) = constant stress the concrete is subjected to, 
€clto) = initial elastic strain in the concrete defined as 
fc(to) 
Ec(28) 
, and 
¢(t) = creep coefficient reflecting the particular working 
conditions envisaged and expressed as a product of 
five factors as follows: 
(2.2) 
kc = ~t( RH", temp.) = creep factor as a function of the 
relative humidity of storage at a constant temperature 
of 20°C (See Fig. 2.1), 
kb = kb(W/C, cement content) = factor which reflects the 
i nf1 u"ence" of the compos it i on of the concrete mi x 
considered in terms of the water-ce~ent ratio, W/C, 
and the cement content" (See Fig. 2.4), 
ke = ke(d m) = creep factor as a function of a theoretical 
thickness, dm, defined as 
d = 2 [ cross-sectional area ] 
m perimeter exposed to the atmosphere 
(See Fi g. 2.3) 
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kt = (t,dm) = creep factor as a function of time since loading 
and the theoretical thickness, dm,(See Fig. 2.5), and 
kd = kd(l~ading age, cement type) = creep factor which covers 
the effect of the degree of hardening or the age of 
concrete at the time of loading when hydration occurs 
under a constant temperature of 20°C (See Fig. 2.2). 
If hardening of the concrete prior to loading takes place at 
a temperature other than 20°C (e.g., steam curing at 70°C for 18 hours), 
the age of concrete at the time of loading is replaced by an equivalent 
degree of hardening defined as: 
where: 
n 
o = ~ (Ti + lOCe) ~ti i=l 
~t. = number of days during which hardening has taken place at 
1 
a temperature T.oC, and 
1 
o = degree of hardening of the concrete at the time of loading, 
expressed as an equivalent age in days. 
o is plotted at the bottom of Fig. 2.2. 
To evaluate the tangent modulus, Ec;(t), for normal weight 
concrete at any time t days after casting, the C.E.B. recommends the 
following expression: 
(2.3) 
where: 
2 . 
= cylinder compressive strength in N/cm at an age of t 
days after casting. 
16 
For long-t~rm deformations, the secant modulus, Ec(t), estimated at 90 
percent of the tangent modulus, is recommended: 
or Ec(t) = 71,500 If~(t) 
Ec(28) = 71 ,500 /f~(28)2 
(lb/in. 2) 
(lb/in.2) 
(2.4) 
(2.5) 
(2.6) 
It should be noted that this secant modulus is about 20 percent higher than 
that r"'ecommended by the ACI (6., 8 ) . Hm'iever, thi s va 1 ue of the secant 
modulus, when used in conjunction with the recommended value of the creep 
coefficient, ¢(t), results in creep strains which compare reasonably well 
with measured values (47) .. 
In a similar manner, the C.E.B. also made recommendations for 
estimating shrinkage in concrete under constant environmental conditions 
(See Section R12.32). Shrinkage strains, expressed as a product of five 
factors, are given in the following form: 
where: 
(2.7) 
s = s (RH) = basic shrinkage strain asa function of relative 
c c 
humidity at a constant temperature of 20°C (See Fig. 2.6), 
ke = ke(dm) = shrinkage factor as a function of the theoretical 
thickness~dm~(See Fig. 2.3), 
kb = factor which reflects the influence of the composition of 
the concrete mix. This is the same factor defined for 
creep (See Fig. 2.4), 
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kp = 1/(1 + 20p) = shrinkage reduction factor due to the 
restraining effect of the reinforcement, expressed as a 
function of the stee1 ratio, p = A t/A , i.e., the ratio 
s c 
of the area, Ast ' of the longitudinal steel to th~ cross-
sectional area, Ac ' of the member, and 
kt = kc(t' ~ dm) = strain-time relationship, taken to be the 
same as the creep factor, kt' except that the time here, 
t', is considered to be the time elapsed since the end 
of curing (See Fig. 2.5). 
The effect of shape and size of the member on the creep and shrinkage 
strains has been considered in terms of a theoretical thickness, d. , of the 
m 
concrete cross section. This theoretical thi~kness is twice the volume-
surface ratio adopted by Hansen and Mattock (34) and others, and affects 
both rate and magnitude (factors ke and kt ) of creep and shrinkage. 
2.2.2 Stress Relaxation in Post-Tensioned Steel 
Pure or intrinsic stress relaxation is defined as the time-dependent 
loss of stress in a tendon held at constant strain. It is a function of 
the initial steel stress, the ratio of initial stress to yield stress, 
the type of prestressing strand, temperature, and time. Under service 
conditions, the prestressing force decreases with time and hence the 
strain in the post-tensioning steel decreases continuously. However, 
the conditions are not very. much different from those of a constant-
strain state since these changes in strain are small compared to the 
initial strain. 
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Relaxation losses were estimated using the type of equation 
developed by Magura, Sozen and Siess (43). The equation was derived 
from tests carried out on stress-relieved strands under constant strain 
conditions and a relatively constant temperature of about 70°F. The 
equation expresses the stress relaxation as a function of the initial 
stress, the stress level, and time. The equation has the following form: 
where: 
fs(t) = steel stress at any time t, 
fsi = initial steel stress immediately after stressing 
fpy = steel stress 'at an offset strain of 0.001, 
t = time in hours after stressing, and 
log t = logarithm of time to base 10. 
(2.8) 
Up to now, the most common type of prestressing strand in use has been 
the stress-relieved strands whose stress relaxation can be estimated using 
Eq. 2.8. However, recently a new type of stabilized prestressing strand has 
been developed which exhibits relaxation losses significantly lower than 
those predicted by Magura's equation. The strand manufactuers (54) claim 
that this low-relaxation strand has a stress-time curve of the form: 
1 f. 
= fsi [1.- 4.5 (fSl - 0.55) log-.t] 
py 
This expression is quite similar to the·one proposed by Magura, 
Sozen, and Siess for stress-relieved strands and was also derived from 
(2.9) 
the results of constant-strairy relaxation tests. Both equations indicate 
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that relaxation losses would be negligible for all time intervals during 
which the steel stress drops below 0.55 f .. Both expressions have the py 
following form: 
where: 
1 f ~ 
f:.(t) = f . [1 - - (~ - 0.55) log tJ 
;:, Sl C' f py (2.10) 
c = empirical material constant depending on type of steel strand, 
= 10 for stress-r.el ieved strands, 
= 45 for low-relaxation or stabilized strands, and 
= 00 for steel with no relaxation 
Relaxation is expected to be less important for post-tensioned than for 
pretensioned girder bridges, since the initial steel stress at the critical 
sec~ions, immediately after transfer, may be significantly lower than the 
jacking stress because of friction. If, iri addition, low-relaxation are 
used, the effect of relaxation would be substantially reduced to the extent 
that relaxation may no longer remain an important parameter that needs to 
be taken into consideration. 
During the lifetime of a structure, the prestressing force decrea~es 
continuously due to the combined and interdependent effects of creep and 
shrinkage of the concrete and relaxation of the steel. In addition, 
instantaneous changes in the .steel stress may take place as a result of 
the application of an additional sustained load such as that due to casting 
of the deck concrete or placing of asphalt any time after transfer of 
prestress. These stress changes, due to factors other than relaxation, 
and their interdependence must be taken into account for a better 
estimation of the effects of long-term relaxation. Figure 2.7 illustrates 
one way of doing this. The curves in this figure represent the stress-
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time relationship according to Eq'. 2.10 for a steel stressed at 
different initial ,stress levels and maintained at constant strain there-
after. Now~ assume that at the end of the first time interval, i.e., 
tl hours after transfer, a stress reduction of ~fsl occurs in the steel 
initially stressed at f so ' This stress reduction is expected to make the 
stress-time curve shift from the first upper curve to the second curve with 
initial stress f 1 (t ) (See Fig. 2.7). Hence, to find the relaxation loss s· 0 
during any time-interval ~t., it is necessary first to find a hypothetical 
,1. 
initial stress fsi(to) at time t = 0 by solving Eq. 2.10 using as fs(t) the 
known value of the steel stress, fsi(t i ), at the beginning of the time 
interval ~ti. The relaxation loss, occurring during this time interval, 
can then be obtained by solving again Eq. 2.10 using as initial stress the 
hypothetical stress fsi(to) just found (See Appendix B, Section B.1.2). 
Another procedure for predicting relaxation losses has been suggested 
by Glodowski and Lorenzetti (30). However, according to Ref. (36), when 
these two procedures were compared, the difference was found to be very 
small. In this investigation, the first procedure was used for estimating 
relaxation loss~s under stress changes including those due to factors 
other than relaxation. 
2.2.3 Friction and Anchor-Set at Transfer of Post-tensioned Tendons 
To determine the effective initial steel stress immediately after 
transfer of prestress, it is necessary to evaluate the friction loss 
caused by curvature in the tendons and the anchor-set loss due to slip at 
anchorage or wedge-seating. These losses depend on the values assumed for 
wobble and curvature coefficients and the amount of anchor slip anticipated. 
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According to Reference (7), and for the case of bonded 7-wire strands 
post-tensioned in metal conduits considered in this study, the curvature 
friction coefficient, 11, ranges between 0.15 and 0.25, and the wobble 
coefficient, k, varies between 0.0005/ft and 0.002/ft. The expected value 
of the anchor slip, A, which depends on both the standard of workmanship 
and the anchorage system used, ranges between 0.05 and 0.25 inches. 
The friction loss is computed using basically the expression given 
in Reference ( 6). However, a detailed analysis for determining the· 
effective initial prestress level, taking into account a back-slip distance 
which may extend over a number of cable segments with possible discontinui-
ties of slope in·between and consistent with the values assumed for anchor 
slip and friction coefficients, is develop~d in Appendix B. 
2.3 Rate of Creep Approach 
During the life span of a prestressed concrete structure, the 
prestressing force continues to decrease due to the combined effects of 
creep and shrinkage of concrete and stress relaxation of the steel.. The 
concrete. stresses also va~continuously with time inasmuch as the prestress 
varies. This complicates the analysis of time-dependent deformations because 
it is no longer sufficient to know the variation of creep with time under 
constant stress; it is necessary to determine this relationship for simi-
larly varying conditions of stress. Since this is not practical, analysis 
for a given stress variation must be carried out using creep curves obtained 
under constant stress. Thus, using those creep c.urves, a satisfactory 
method of analysis must be able to predict, with acceptable accuracy, the 
time-dependent behavior under varying conditions of stress, taking into 
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account the complex interaction between the effects of creep, shrinkage, 
and relaxation. 
A number of methods have been developed for the prediction of creep 
effects in concrete structures (13,20,46,56). Among these, the superposi-
tion, the rate of creep, and the age-adjusted effective modulus methods are 
the most recognized. In a recent comparative study, Mossiossian and Gamble 
(47) concluded that the rate of creep method, when properly adjusted to 
account for the changes' in creep rate in cases of large stress changes~ 
and treated as a numerical procedure with step functions having constant 
values over short time increments; can be used to give reasonable estimates 
of the time-dependent deformations of prestressed concrete structures under 
variable stresses. This procedure was followed in this study. 
2.3.1 Rate of Creep Method 
The rate of creep method, as applied to prestressed concrete, tries 
to take into account the time-dependent changes in concrete stress due to 
creep, shrinkage, and relaxation. According to this method, the rate of 
dscr(t)'; dC(t,to) 
creep, dt ,in a structural element having a unit creep rate of dt 
and subjected to a stress, fc(t), is given by the following relation: 
(2.1T) 
dC(t,to) in which fc(t) and dt are independent variables. Therefore, the 
total creep strain under variable stress is given by the expression: 
It dC(t,to) Scr(t) = . t f (t) dt dt o c (2.12) 
or 
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where: 
scr(t) - total creep strain between the times to and t, 
C(t,to) = unit or specific creep strain as a function of time, 
i.e., creep strain at time t caused by a contstant 
unit stress applied at time t , 
o 
¢(t,to) = creep coefficient given by the ratio of creep to 
elastic strain under constant stress,' 
fc(t) = concrete stress as a function of time, and 
Ec(t) = elastic modulus of concrete as a function of time. 
(2.13) 
Thus, according to the rate of creep method, creep strain, during 
any time interval ,is equal to the·product.of the net applied stress, fc(t), 
times the change in the specific creep strain of a virgin specimen of the 
same age loaded to a constant unit. stress at the time of first load 
application, t = to' as shown in Fig. 2.8. 
The rate of creep method expressed by' Eq. 2.11 is based on the 
assumption that the rate of creep is independent of the various ages of 
loading at which the different stress increments take place. This implies 
that all unit creep. curves or creep coefficients for stress changes applied 
at different ages are identical in shape (See Fig. 2.8). Thus only the 
original unit curve corresponding to the first load application is consi-
dered and the concrete is assumed to creep at that same unit rate even when 
the magnitude of stress changes substantially with time. Consequently, when 
major stress changes take place in an old concrete which have been loaded at 
a much younger age, very little creep would be predicted, which is contrary 
to actual observations. This is· because, by this time, the rate of the 
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original unit creep curve, assumed to be still applicable, is 'much slower 
than the rate of the unit creep corresponding to the actual age at which 
these major stress changes have occurred. Furthermore, the rate of unit 
dC(t,to) . creep, at " 1S assumed to be independent of the previous stress 
history of the member. Hence, concrete is considered to creep at the 
dr.(t-to) 
same unit rate, - at I, regardless of whether stresses are increasing 
or decreasing, which is contrary 'to experimental evidence (See item 1, 
Section 1.2). In addition, no delayed creep recovery is predicted after 
load removal, which is usually not true for concrete. As a result of 
these assumptions, this method, in general, overestimates time-dependent 
deformations when concrete stresses are decreasing and 'vice versa. 
In spite of these assumptions, this method, according to References 
(19) and (47),. can be used to predict, with reasonable accuracy, the 
time-dependent deformations of concrete under variable stress, provided 
the stress changes are small. 
2.3.2 Revised Rate of Creep Method 
In order to eliminate part of the error inherent in the rate of 
creep method, Mossiossian and Gamble (47) syggested using a revised 
version of the method which is essentially the same as the original rate 
of creep except for a small modification designed to take into account 
the change in the rate of unit creep in case of major stress changes 
in the concrete. 
When a comparatively large sustained load, such as that due to 
casting of the deck, is added sometime after transfer of prestress, 
substantial changes in concrete stresses occur over the depth of the 
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cross section and throughout the length of the beam. In case of 
application of such a load, the rate of creep method is modified by 
using a new unit creep curve corresponding to the age at which the major 
stress changes have taken place. This considerably reduces the error 
inherent in the methbd by taking into account part of the change in the 
rate of creep caused by the additional load. 
2.3.3 Numerical Procedure 
The difficulty in studying the long-term behavior of prestressed 
concrete structures arises from the time-dependent nature of the properties 
of the constituent materials and their interrelated effects which cannot 
be readily represented by mathematical functions allowing closed form 
solutions. Therefore, the use of a numerical integration technique is 
essential. 
In this study, the integration procedure used is based on the 
revised rate of creep method. The analysis is carried out using a 
step-by-step numerical procedure which converts the adopted creep, 
shrinkage, and relaxation versus time relationships into step functions 
having constant v~lues and independent effects over short-time intervals. 
Because of the high rates of creep, shrinkage, and relaxation (under 
constant environmental conditions) in the period directly following 
transfer of prestress and whenever major stress changes occur in the 
concrete, smaller time increments were used during these periods to 
obtain better predictions. During each time interval, a numerical 
integration is carried out taking into account all the important 
parameters which affect the long-term behavior. 
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The computer program used in the analysis was developed on the 
basis of an iterative approach to the revised rate of creep method using 
the assumptions outlined in Section 2.4. The procedure is similar in 
many respects to the one first developed by Mossiossian and Gamble (47) 
and later modified and updated by Hernandez and Gamble (36) to take into 
account stress relaxation in the prestressing steel. 
The program can be used to analyze noncomposite and composite 
prismatic beams continuous over one, two, three or four spans with symmetry 
about their center lines. Two types of composite construction can be 
analyzed: Shored composite beams (referred to as type A) where the section 
is considered to be stress-free up to the time of transfer of prestress 
which takes place after casting of the deck and the beam is fully composite; 
and unshored composite beams (referred to as type B) where the precast 
girder is post-tensioned before casting of the deck concrete. The program 
can handle different shapes of cable profiles in the form of linear, 
parabolic, or fourth degree curves, or ~ny combination thereof, with a 
maximum of eight cable segments allowing for possible discontinuities in 
slope between the different segments. The program can also accept any 
additional sustained load such as that due to the placing of asphalt any 
time after transfer of prestress. Thus variations in span length, number 
of spans, loading, cable profile, elastic moduli, and any arbitrary values 
of creep and shrinkage versus time for both girder and deck concretes can 
be considered in the analysis. 
The computational steps used, starting at the time of transfer of 
prestress, can be summarized in the following: 
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1. Compute the initial prestressing force, taking into account 
the losses due to fri~tion and anchor set. The details of 
this and the following calculations are given in Appendix B. 
2. For continuous girders with nonconcordant cable profiles, 
compute the secondary moments at the interior supports. 
3. Compute the total concrete stresses, strains, curvatures, and 
camber immediately after transfer of prestress~ including 
those due to dead load and secondary moments. 
For each time interval: 
4. Compute the incremental shrinkage strain for the time interval 
under consideration. The prestress loss due to shrinkage is 
taken as the product of this incremental shrinkage strain 
times the modulus of elastjcity of the steel .. 
5. If the beam is composite and the deck formwork has been removed 
·and curing stopped, compute the incremental ~hrinkage strain 
of the slab concrete. Also compute the differential shrinkage 
strain and the associated incremental differential shear and 
moments needed to maintain strain compatibility at the interface 
between the deck and girder concretes. 
In continuous beams, the net support moments due to dead load 
plus secondary moments undergo changes, as a result of creep. shrinkage, 
and relaxation, which can be related to the changes in unrestrained 
support rotations. To compute these angle changes, it is necessary to 
introduce rotational discontinuities at the interior supports. Hence, 
for steps 6 to 23, the bridge beam, if continuous, is considered to be 
divided into simply supported spans between the interior supports. 
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For each integration point or section along the span and for 
all specified fibers in each section, do the following for the time 
interval under consideration: 
6. Compute the incremental creep strains in the extreme fibers 
and at the level of the prestressing steel by multiplying the 
net stress existing in each fiber at the beginning of the time 
interval considered by the increment of unit creep strain for 
that interval. The change in creep strain at any other level 
can be obtained-on the basis of the assumption that strains are 
linearly dlstrlbuted over the depth of the cross-section. 
7. The incremental strain, at any specified fiber, due to creep 
and shrinkage for the time interval considered is obtained by 
adding the change in creep strain found in step 6 to the 
incremental shrinkage strain found in step 4. 
8. Compute the incremental change in steel stress due to creep 
and shrinkage of concrete as the product of the change in 
concrete strain at the level of the steel found in step 7 
times the elastic modulus of the steel. 
9. Compute the incremental prestress loss due to stress relaxation 
in the steel, using the steel stress existing at the beginning 
of the +imo in+oV'\I:Jl 
... 1111'" I II ... '" I Y U. I • 
10. Compute the total change in steel stress by adding the incremental 
change in prestress due to creep and shrinkage of the concrete 
found in step 8 to the prestress loss due to relaxation of the 
steel found in step 9, taking into account the elastic recovery 
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of the concrete. The change in the prestressing force 
is equal to the change in steel stress multiplied by the 
steel area. 
11. Compute the elastic change in concrete stresses by considering 
the total change in steel force found in step 10 as a load 
applied to the concrete s~ction at the level of the cent~r of 
gravity of the steel. If the section is composite at this 
time, the 'composite section properties should be used. This 
adjustment in stresseS is designed to maintain both equilib~ium 
and strain compatibility bet~een the steel and concrete. ' 
12. Compute the elastic change in concrete strains by dividing the 
elastic changes in stresses found in step 11 by the value:of 
the modulus of elasticity of the concrete for the time interval. 
This change in'strain is usually known as the elastic recovery. 
13. Compute'thenet change in concrete strains by subtracting the 
elastic change in strains found in step 12 from the incremental 
creep and shrinkage strains found in step 7. 
This part of the procedure (steps 14 to 21) considers ,the effects 
of composite action. If the beam is noncomposite, skip these steps and 
proceed to step 22. 
Two types of composite construction are considered. The first 
is the shored composite type where transfer of prestress takes place 
after casting of the deck and when the section is fully composite. The 
second is the unshored composite type where the precast girder is post-
tensioned first and the deck is casted at a later date. For composite 
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beams of the latter type, casting of the deck concrete introduces major 
stress changes in the girder concrete. Hence, after casting of the 
deck, creep strains occurring under the stress due to dead load of deck 
and all subsequent stress changes due to creep, shrinkage, relaxation, 
and composite action are computed using a new unit creep curve for girder 
concrete loaded at the time of deck casting. Creep strains due to stresses 
existing immediately b~fore casting of the deck (and which are assumed 
to remain constant thereafter) are still calculated using the original 
_._. ______ uni_~_~r~ep.~ry~_f_or_g1ider concrete loaded at the ___ tim~J2f_j;LC!n~f~r_QJ_-- ______________ _ 
prestress. 
The computations proce~d as follows: 
14. Compute the differenti~l creep strain and differential creep 
curvature at the interface between the girder and deck 
concretes using the appropriate unit creep versus time 
relationships. 
15. The incremental changes in differential shear force and differen-
tial moments associated with differential creep are computed on 
the basis of deformation compatibility at the interface between 
girder and deck concretes. 
16. Compute the total incremental changes in the differential shear 
and associated differential moments in the slab and beam for 
the time interval by adding those due to differential shrinkage 
found in step 5 to the corresponding values due to differential 
creep found in step 15. 
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17. Compute the incremen~a1 changes in concrete stresses due to 
the changes in the differential shear and differential moments 
\ 
found in step l6,for all required levels over the depth of the 
cross-section. Restore strain and curvature compatibility 
between bottom of the deck and top of the girder. 
18. Compute the change in steel stress and hence the change in steel 
force due .to composite action, using the. incremental stress 
change at the steel level found in step 17, adjusted for elastic 
recovery. 
19. Adjust the incremental change in concrete stresses due to 
composite acti9n found in step 17 to take into account the 
elastic recovery of concrete by considering the change in steel 
force found in step 18 as a load applied to the composite 
concrete section at the level of the center of gravity of the 
steel. This restores equilibrium between tension in the 
prestressing steel and compression in the concrete. 
20. ·Compute the changes in elastic strains, due to differential 
shrinkage strain and differential creep strain and curvature, 
by dividing the adjusted changes in concrete stresses found in 
step 19 by the appropriate elastic modulus of the concrete for 
the time interval. 
21. Update the change in concrete strains by adding the change in 
elastic strains, due to differential shrinkage and differential 
creep, found in step 20 to the values found in step 13. 
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22.. Compute the change in cur'vature at each secti on by subtracti ng 
the net change in concrete strain at the top fiber from that 
at the bottom fiber and then dividing by the depth of cross-
section between these two extreme fibers. 
23. Consider the next integration point or section along the span 
and proceed as before beginning with step 6 until all integration 
points are covered. 
Once the change in curvature distribution has been determined, 
with the beam divided into simply ,supported spans, the integration 
proceeds along the following steps: 
24. Compute the changes of slope at the locations of the interior 
. supports due to all effects of creep, shrinkage, and stress 
relaxation, by integrating along the span ·the changes in 
curvature distribution found in step 22. 
25. Compute the change in the net external moments (dead load 
plus secondary moments) for the time interval by restoring 
continuity at the interior supports, using the changes of 
slope at these supports found in step 24. 
26. Compute a change in secondary moments due to the change in 
steel stress caused by the incremental change in the interior 
support moments found in step 25 after restoring continuity. 
This change in secondary moments is a second-order change 
used in step 27 when correcting for elastic recovery. 
' . 
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For each integration point or section along the bridge span 
and still the same time interval, the numerical procedure continues 
further as follows: 
27. Compute the change in steel stress and in prestressing force 
due to the change in the net external moments at the interior 
supports found in step 25, taking into account the adjustment 
due to elastic recovery. 
28. Compute the elastic change in concrete stresses due to the 
change in the net support moments~found in step 25. Adjust 
these stresses due to the change in steel force found in 
. step 27. 
29. Compute the corresponding elastic change in concrete strains 
by dividing the adjusted elastic changes in concrete stress 
found in step 28 by the appropriate value of the modulus of 
elasticity of the concrete for the time interval. 
30. Compute the net change in concrete stresses for the time 
interval by adding the changes found in steps 11, 19 and 28 
(if applicable). 
31 .. Compute the net change in concrete strains for the tim~ 
interval by adding the changes found in steps 13, 20 and 29 
(if applicable). 
32. Compute, for each section, the net change in curvature for 
the time interval, using the net change in concrete strains 
at the extreme fibers found in step 31. 
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33a Compute the net change in steel stress for the time interval 
by adding the adjusted changes found in steps 10, 18 and 27 
(if applicable). 
34. The.prestress loss due to creep is taken, for the time 
interval, to be equal to the difference between the net 
change in steel stress found in step 33 and the sum of the 
shrinkage loss found in step 4 and the relaxation loss 
found in step 9. 
35. The total values of concrete stresses, concrete strains, 
curvatures, external moments, steel stress, ahd prestress 
losses due to creep, shrinkage, and relaxation at the end of 
. the time interva~, are obtained by adding the felevant net 
changes in these quantities to the corresponding values 
existing at the beginning of the time interval. These 
updated quantities would be used as the starting values for 
the next time interval. 
36. Consider the next integration point or section along the 
span and proceed as before beginning with step 27. 
After the stresses, strains, curvatures, and prestress losses 
have been determined at all specified locations along the span for the 
time interval under consideration, the procedure may, if required, 
continue as follows: 
37. For continuous beams with nonconcordant cable profiles, the 
changes in secondary moments at the interior supports are 
obtained for the time interval by integrating numerically 
the curvature distribution along the span due to the net 
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change in steel stress found in step 33, using the cGmposite 
section properties if the beam is composite at this time. 
The total secondary moments at the end of the time interval 
are computed by adding the change in secondary moments just 
found to the corresponding values existing at the beginning 
of the time interval. 
38. The net camber at the end of the time interval is calculated 
using the total curvatures found in step 32 after continuity 
has been restored. 
The numerical integration, immediately after the addition of 
a sustained load such as that due to casting of the deck or placing of 
asphalt sometime after transfer of prestress, is carried out in a way 
similar to that outlined in steps 26 to 36. 
Only for the time ihterval durin~ which additional sustained 
load is applied: 
39. Compute, for all integration points, a second~order type 
change in secondary moments corresponding to the change in 
steel stress caused by the application of the additional load. 
For each integration point or section along the span: 
40. Compute the elastic change in steel stress due to the 
additional load, taking into account elastic recovery. 
41. Compute the elastic stresses in the concrete due to the 
additional load and adjust for elastic recovery. If these 
stresses are significant compared to the initial concrete 
stresses, they should be stored separately and a new creep 
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curve corresponding to the age at loading should be used. 
42. Compute the change in elastic strains corresponding to the 
elastic stresses due to the additional load found in step 4J. 
43. Update the total stresses, total strains, total curvatures, 
total camber, and net support moments immediately after the 
application of additional load (casting of deck or placing 
of asphalt). 
44. Consider the next integration point along the span and proceed 
as before, beginning with step 40. 
45. Consider the next time interval and proceed as before, beginning 
with step 4. 
2.4 Basic Assumptions 
The basic assumptions made in the analysis used in this study 
are as follows: 
1. The stress-strain relationships for concrete and steel under 
short-term loading are linear up to the stress levels of 
interest. 
2. Strains are linearly distributed over the depth of the cross 
section, i.e., plane sections remain plane after deformation. 
3. The distribution of shrinkage strains, at all time intervals, 
is uniform over the depth of the cross section of the member. 
4. Creep strains are proportional to the concrete stresses· within 
the stress range of interest. 
5. The variations with time of shrinkage strains since end of 
curing, unit creep strains of concrete under constant stress 
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loaded at any specified age, and stress relaxation of steel 
are known and can be considered as step functions. , 
6. The variation of the modu1us of elasticity of concrete with 
tir:!e is known and can be 'considered as a step function. 
7. During each time interval, the incremental creep strain, at any 
level along the depth of the tross sectioQ, is considered 
to take place under a con~tant concrete stress equal to that 
at the beginning'of the time interval, and the iricremental 
stl"ess relaxation is assumed to occur under a constant steel 
strain and a hypothetical initial stress 6btained frbm the 
steel stress at the beginning of that time interval. 
8. ThE initial stress conditions for the structure under 
consideration are known. 
9. The concrete cross section is assumed to be stress-free up to 
the time of transfer of the post-tensioned tendons and the 
instantaneous stresses, strains, and deformations due to any 
loc,d applied at any time thereafter, can be computed using 
corventional elastic analysis. 
10. The construction sequence of casting and curing of the girder 
concrete, post-tensioning, casting and curing of deck concrete, 
and removal of deck form worki's known. 
11. Adequate bond is assumed between concrete and the post-
tensioning st~el and also between cast-in-place deck and 
precast girder. 
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12. The effects of nontensioned steel on creep and shrinkage of 
the deck and girder concretes are neglected. 
13. Within the elastic range, the principle of superposition in 
time can be applied to obtain the total stresses, strains, 
and deformations and that the effects of variations in the 
different factors can be studied separately by varying one 
parameter at,a time, provided that meaningful values are 
assigned to all the other time-dependent variables that are 
kept unchanged. 
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3. FACTORS AFFECTING THE TIME~DEPENDENT BEHAVIOR 
3.1 Introduction 
The time-dependent behavior of composite and noncomposite prestressed 
concrete structures can be affected in a variety of ways by a relatively 
large number of significant factors. Creep and shrinkage of the concrete 
and stress relaxation of the prestressing steel are known to be the major 
contributors to the time-dependent deformations and prestress losses. 
Time-de'pendent deformations develop under the influence of two 
usually opposing effects: The prestressing force and the sustained 
transverse loading. Creep, shrinkage, and relaxation produce constantly 
changing strain and stress distributions over the depth and along the span 
of the beam. In addition, differential shrinkage and differential creep 
introduce shearing forces and moments at the interface between girder and 
deck which affect the deformations in composite structures. In an actual 
bridge, all combinations of curvatures and their changes due to all the 
effects of creep and shrinkage of both girder and deck concretes and 
relaxation of the prestressing steel occur simultaneously and affect each 
other continuously with time.· As a result, there is a complex interaction 
between creep and shrinkage of the concrete and stress-relaxation of the 
steel, and the prestress losses due to these phenomena are also 
interrelated. 
For prestressed concrete structures, besides the creep, shrinkage and 
relaxation characteristics of the constituent materials, there are some 
important environmental and construction factors which affect the rates 
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and magnitudes of these material parameters which, in turn, influence 
the whole time-dependent behavior. Environmental factors such as humidity 
and temperature, especially variable humidity and temperature in the field, 
greatly affect the rates and magnitudes of creep and shrinkage of concrete 
(47). Construction factors that can have a significant influence on creep 
and shrinkage are the age of concrete at the time of prestressing and at 
the time of placing an additional topping after transfer, and duration and 
type of curing. The type and sequence of construction of the bridge 
structure will determine the importance of these factors. For example, 
for post-tensioned members stressed at an age greater than about 10 days, 
the difference between steam curing and moist curing is not significant. 
Other factors such as member size, concrete modulus, and type of cement 
(ordinary or high early strength cement) also affect creep and shrinkage 
of the concrete. Therefore, to get a better understanding of the general 
behavior of prestressed concrete girder bridges, it is necessary to know 
how each of these factors contributes to the magnitudes of the long-term 
deformations and prestress losses. 
The main factors investigated in this study are: Type of prestressing 
strands, initial stresses in the concrete and steel, sustained loads 
applied after transfer of prestress, and the effects of composite action 
and continuity, as well as the effects of creep and shrinkage characteristics 
of the concrete where the roles of varying environmental conditions, type 
of cement, shape and size of the member, age of concrete at time of 
prestressing, and time of placement of an additional permanent load after 
transfer are considered. The effects of each one of these parameters, 
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assessed in terms of contributions to the long-term prestress losses, 
deflections, concrete stresses .and redistribution of support moments, 
will be discussed in this chapter. 
For purposes of analysis, it will be assumed 'that, within the elastic 
range, the principle of superposition i'n time can be applied to obtain the 
total stresses, strains, and deformations, and that the single effects of 
each of the main parameters can be treated individually. Hence, the 
effects of val"'iations in the different factors can be studied separately 
by varying one parameter. at a time, provided that meaningful values, are 
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It is necessary to point out that this study is based mainly on creep 
and ~hrinkage values computed according to ~he 1970 C.E.B. recommendations 
using, as a standard case, 50 percent relative humidity for creep and 80 
percent relative humidity for shrinkage. Using these predictions, various 
bridge girders ~ith different creep coefficients and cross-sectional 
parameters were analyzed fora period of 3600 days (approximately 10 y~ars) 
after transfer of prestress. When final or ultimate magnitudes are given, 
they refer to the values of those quantities at 3600 days after prestressing. 
Any subsequent changes, after this age, in the time-dependent deformations 
and prestress losses are very small and unimportant; besides,the uncertain-
ties in our knowledge of the other factors involved are much larger than any 
accuracy one hopes to gain by covering a longer period of time. 
3.2 Effects of Creep and Shrinkage Characteristics of the Concrete 
Creep and Shrinkage characteristics of the concrete are of primary 
importance to the time-dependent behavior of prestressed concrete members, 
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since they reduce the prestressing force and affect the stress distribution, 
the deflections, and the formation of cracks with time. Relaxation, which 
is a direct function of the actual level of steel stress, is also dependent 
on creep and shrinkage of the concrete. 
Creep affects the time-dependent deformations in two ways, one direct 
and one indirect; directly by increasing the compressive strains in concrete 
with time, and indirectly by causing a decrease in the prestressing force. 
The increase in compressive strains may produce, in addition to axial 
shortening, curvature changes reaching as high as two or three times the 
initial values and hence cause a substantial increase in camber. The loss 
of prestress, 'which also varies along the span, causes an elastic rebound 
in stresses,strains, and curvatures and hence affects the rate of creep, 
leading to creep strains significantly less than those under a constant 
stress equal to the initial stress. 
Shrinkage strains were assumed to he uniformly distributedbver the 
depth of the cross section and along the length of the beam. Consequently, 
shrinkage will affect the time-dependent behavior only indirectly through 
loss of prestress which causes downward deflections with time. However, 
the decrease in prestressing force due to shrinkage strains and, in case 
of composite beams, the shearing forces and associated couples due to 
differential shrinkage also causes changes in the rate of creep of the 
concrete. The actual loss of prestress due to shrinkage will not be the 
same at all sections, because the eccentricity varies along the span and 
hence. the elastic recovery due to loss of prestress varies along the beam. 
However, this effect is relatively small and has been added to the loss 
component due to creep, as explained in Appendix B, Section B.l.2. 
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Normally, in bridge members, the stresses induced by prestressing 
will be higher than those due to the sustained loads, since prestressing 
must also offset the stresses due tQ live loads. Hence, immediately after 
prestressing, the initial stress gradients over the depth of the cross 
sections are usually.large, and creep, which affects the curvature directly, 
dominates the behavior causing the deflection or camber to increase~ On 
the other hand, creep of concrete at the level of the strands, shrinkage, 
and relaxation affect curvature only indirectly through loss of prestress 
and cause the beam to deflect downwards. Thus, overestimation of creep 
and underestimation of shrinkage would usually lead to overestimation of 
camber values. 
, In case of composite beams, the differences between the creep and 
shrinkage characteristics of the girder concrete and those of the deck 
concrete introduce shearing forces and moments at the interface between 
girder and deck concretes as a result of the monolithic action of the 
composite section (See Appendix B, Section B.2). These forces affect 
the time-dependent behavior of the composite beam. For example, in the 
case of a simply supported beam, if the deck concrete shrinks more than 
the girder concrete, these forces at the interface would tend to .deflect 
the beam downward while the girder and deck creep strains associated 
with the stresses due to dead loads plus prestressing force would tend 
to decrease the downward movement of the beam. If the noncomposite girder 
would deflect downward with time under all the sustained loads and 
prestressing after deck casting, changes in the beam curvature would be 
resisted by the composite action and the restraint forces at the interface 
would cause the beam to deflect upward with time while deck creep would 
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have a decreasing effect on the upward movement of the beam. These effects 
are discussed further ·in Section 3.3 where the effects of composite action 
are considered. 
Creep and shrinkage characteristics of concrete are affected by many 
factors in a'variety of ways, as summarized in the brief exposition given 
in Chapter 1. The most influential factors are: The environmental 
conditions, quantity and quality'of the mix constituents, age at time of 
loading, and size and shape of the cross section. These factors affect 
the time-dependent deformations in similar ways but in different degrees. 
For example, according to the 1970 C.E.B. recommendations, using high 
early strength cement type III instead of type I, has the same effect on 
creep as increasing the relative hu~idity of storage from 50 percent to 
about 82 percent (See Figs. 2.1 and 2.2, also see Fig. 3.20). Creep of 
a type III cement concrete loaded at 10 days is about the same as that of a 
type'r concrete loaded at 28 days. Creep coefficients up to about 3.5 and 
ultimate shrinkage values up to about 300xlO-6 were considered in the 
analysis. 
Precast post-tensioned bridge members may be either steam cured or 
moist cured while cast-in-place members are usually moist cured. In 
precast pretensioned members which are prestressed while very young, 
usually at the age of about 1 to 3 days, beneficial reductions in the 
magnitudes of creep and shrinkage have been attributed to the use of 
steam curing as opposed to moist curing, even though, unde~ field 
environmental conditions, the differences in the time-dependent effects 
for the two types of curing conditions were not very significant (47, 48). 
For post-tensioned bridge members where prestressing is usually applied 
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at a relatively much older age, the advantages of steam curing, if any, 
are expected to be much less significant, especially under field conditions. 
According to the 1970 C.E.B. recommendations, the difference in the creep 
coefficient for steam cured and moist cured conditions is less than about 
4 percent for members loaded at ages greater than about 10 days (See Fig. 
2.2). Consequently, no distinction was made in this study between these 
two types of curing conditions. 
In the following parts of this section, the effects of changes in 
the creep and shrinkage characteristics of the concrete, as predicted by 
the 1970C.E.B. recommendations as well as arbitrary variations thereof, 
on the time-dependent behavior of post-tensioned bridge girders will be 
dis~ussed. These effects will be analyzed in terms of the relative 
contributions of each of the following factors: Environmental conditions, 
shape and size of the cross section, type of cement, age of concrete at 
time of prestressing, and age at the time of application of additional 
loads placed after transfer of prestress. 
The analysis was carried out using essentially two types of beams 
both continuous over two-spans: The cast-in-place noncomposite 78 in.-
Box beam and the 56 ;n.-1 beam (composite types A and B). For purposes 
of comparison, a noncomposite 56 in.-1 beam equivalent to the composite 
type A beam was also considered in the analysis. The time-dependent 
behavior was analyzed consi~ering the critical . sections at the center 
support and at midspan. For the 56 in.-I beam, the critical section for 
positive moment, also referred to as the midspan section, corresponds 
actually to the section at 50 ft, or 0.4 of the span, measured from the 
end support. 
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3.2.1 Effects of Arbitrary Variations in the Creep and 
Shrinkage Characteristics of Girder Concrete 
To study the effects of creep and shrinkage strains of girder 
concrete on the time-dependent behavior, the two-span 56 in.-1 beam 
(composite type A) and the equivalent noncomposite beam were analyzed 
considering the single effects of these parameters separately~ Shrinkage 
and unit creep strains were varie~ by considering values equal to half 
""'-
as well as twice the values normally obtained using the 1970 C.E.B. 
recommendations (referred to as the standard case). 
The results of theanaiysis are shown in Figs. 3.1 to 3.4. It can 
be seen from these figures that, for the beam analyzed and the age assumed 
for the concrete at time of prestressing, the effects of creep on the time-
dependent behavior are more pronounced than the effects of shrinkage and 
that the changes are not directly proportional to the changes in these 
parameters. This is specially evident in the case of time-dependent 
camber, as can be seen from Fig. 3.2 and also in the case of changes in 
support moment with time for the composite beam. These results are to be 
expected since creep affects the time-dependent behavior both directly 
and indirectly while shrinkage affects it only indirectly thfough loss of 
prestress. It should also be remembered that, in the case of composite 
beams, the effect of differential shrinkage is partially offset by the 
effect of the associated differential creep in the composite section, 
while an increase in differential creep due to an increase in girder 
creep is not affected by· differential shrinkage since the latter is 
independent of stress and constant along the span. 
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The effects of varying creep and shrinkage strains of girder concrete 
on relaxation, creep, and total time-dependent prestress losses are shown 
in Fig. 3.1 for the composite type 'A beam. It can be seen that the total 
losses, increase with the increase in girder creep and shrinkage, but not 
proportionally. For the section at the center support, the total losses 
remain about the same when the girder shrinkage is reduced by half, the 
difference at 3600 days being about 1 ksi. This is partly due to the 
offsetting increase in the relaxation and creep components but mainly due 
to the small ultimate shrinkage strain originally used for the standard 
case because of the relatively older age of girder concrete at the time 
of prestressing. The effect of changes in girder creep on creep losses 
is similar to that on total losses; relaxation losses are affected only 
indirectly and to a much smaller extent. Similar results were obtained 
for the noncomposite 56in.-I beam, indicating that the time-dependent 
effects of composite action on prestress losses are not significant. The 
situation, however, is quite different when time-dependent camber, ch~nges 
in concrete stresses, or redistribution of moments with time are considered. 
It can be seen from Fig. 3.3 that the change in support moment with 
time is very much influenced by the time-dependent effects of composite 
action. Reducing the girder'shrinkage increases the differential shrinkage 
while reducing the girder creep decreases the differential creep. Both 
these effects increase the tendency of the composite beam to move downwards, 
hence a higher negative moment is required to restore compatibility at the 
center support. In the case of the noncomposite beam, the changes, which 
are considerably smaller than those in the composite beam, are mainly due 
to changes in the secondary moments, as will be seen later in Section 3.7 
48 
(See Fig. 3.65). Higher prestress losses imply bigger reductions in 
secondary moment and hence higher changes in the net support moment with 
time. However, in the case of creep, the direct effect of creep on 
curvature must also be considered. For the beam analyzed, because the 
eccentricity over the midspan region is larger and extends over a longer 
portion of the span (See Fig. C.l), the effect of this region on the 
secondary moment is 1 arger. Ther'efore, the di rect effect of i ncreas i ng 
girder creep which increases the upward movement over this region as can 
be observed from Fig. 3.2, is to reduce the change in secondary moment, 
---.. -.-.. --.--.--.-.-.... --~ ------~~h~re5~redu~ng~h~ chang~-i~~~rt m~ent with time, in spite of the 
higher prestress losses. However, it can be observed that relatively 
large variations in creep and shrinkage produced only small changes in 
the support moment with time. 
It can be observed from Fig. 3.4 that the final concrete stresses 
(i.e., at 3600 days) are significantly different from those existing at 
transfer, especially at the bottom of the composite section. Compared to 
the standard case, the stress changes due to variations in girder creep 
or shrinkage are considerably larger for the composite beam than the 
corresponding values for the noncomposite beam. This result is mainly 
due to the time-dependent effects of composite action, since, in all the 
cases considered, the differences in prestress losses between the composite 
and noncomposite beams were quite small and could safelY be neglected. 
Compared to the standard case for the composite beam, increasing 
girder creep or shrinkage reduces the change in the net external negative 
moment at the center support (See Fig. 3.3), increases the compression in 
the deck, and decreases the prestressing force by increasing the prestress 
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losses (See Fig. 3.1), thereby reducing the total compression in the 
composite section by the same amount. For equilibrium of forces, the 
compression in the girder must be reduced by an amount equal to the sum 
of the increase in deck compression plus the decrease in prestress. In 
addition, since the increase in prestress losses and the corresponding 
reduction in secondary moment account only for a minor part of the change 
in the net external moment in' the case of the composite beam, the moment 
arm must reduce to maintain moment equilibrium. Therefore s the center 
of compression for the composite section must move towards the center of 
g-ra-v-i-ty-e-f-the-s-tee-l-(-i.e.-,-sewnwa-r-El-a-t-m-id-5-Ffa-n--a-nd-Y-pwa-r-d-at-tne---center---
support compared to its position for the standard case). The center of 
compression for the girder concrete may move up or down depending on the 
actual magnitudes of the changes being considered. The effects of reducing 
girder creep or shrinkage can be explained in the same way. Changes in 
deck creep or deck shrinkage also produce similar effects, as can be seen 
in Fig. 3.33, and can be explained in a similar manner, as discussed in 
Section 3.3 where the effects of composite action are further considered. 
For the noncomposite beam, the changes in concrete stresses with time 
~fter transfer are partly due to prestress losses directly and partly due 
to the redistribution of momepts, the effect of the latter being more. 
pronounced at the center support than at midspan. Compared to the standard 
case, stress changes due to changes in creep and shrinkage strains correspond 
to changes in prestress losses and external moment with time. However, for 
both beam types, changes in stresses due to the differences in losses 
between the standard case and the other four cases considered are not 
significant and need not be considered in the discussion, even though the 
actual changes in losses may not be negligible when prestress losses are 
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compared (See Fig. 3.1). 
It may be relevant here to consider the instantaneous effect of 
reducing the prestressing force on changes in concrete stresses for 
the beam analyzed. With 42 strands, 1/2 in. diameter, and the section 
properties shown in Fig. C.1, a prestress loss of 1 ksi produces stress 
changes at the midspan section of about 1.74 psi tension at the top 
of the precast girder and about 15.2 psi tension at the bottom. The 
corresponding values at the center support are 8.6 psi tension at the 
top and 1.6 psi compression at the bottom. These stress changes include 
the effect of a reduction in secondary moment corresponding to a uniform 
prestress loss of 1 ksi along the length of the beam. A change of 100 
kip-in. in exterhal moment causes stress changes of about 3 psi at the 
top of the girder and about 7.2 psi at the bottom. 
3.2.2 Effect of Environmental Conditions 
Humidity and temperature of the surrounding environment are known 
to have significant influences on the rates and magnitudes of creep and 
shrinkage; hence their effects on the time-dependent behavior are important. 
In the presence of moisture exchange, the strain history in a concrete 
specimen depends not only on the stress history but also on the time-
histories of temperature and water content (as apparent from effects 2, 5, 
6, 7 and 10 listed in Chapter 1). According to all the experimentally 
observed phenomena, the mechanisms involved in drying shrinkage, drying 
creep, and to some extent in basic creep, are affected by the ambient 
relative humidity, although this effect may vary with a number of factors 
such as shape and size of the specimen, moisture content and degree of 
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hydration at the time of loadi,ng, and ranges of fluctuations in humidity 
and temperature. A detailed review of the effects of relative humidity 
and temperature, with possible explanations of the mechanisms involved, 
is given by Neville (48)~ 
As discussed in' Appendix A, shrinkage strains are much less 
susceptible ,to outdoor changes in humidity and temperature than the 
corresponding creep strains. ' Such environmental changes do not increase 
the ultimate value of shrinkage, while creep may be increased even beyond 
the value associated with the lower limit of the fluctuating humidity. 
Ali and Kesler (9) explained the phenomena involved in drying creep 
in terms of a stress~modified shrinkage theory (based on a number of 
creep mechanisms) by relating the increase in creep to a modified volume 
change caused by moisture exchange regardless of the direction of the 
moisture movement. 
The effects of temperature are usually considered to be less important 
than those due to relative humidity since, in most cases, the range of 
operating temperatures is small. However, it has been observed that more 
creep takes place in prestressed concrete girders in hot weather even if 
it ;s accompanied by a higher humidity, than when the air is cool and 
less humid (65). 
Temperature variations affect moisture exchange and mobility of water 
molecules, with consequent changes in gel deformations, in addition to 
concrete dimensions, thermal conductity, temperature gradients, and 
thermal stresses. However, there is a lot of conflicting ,data in the 
literature on the effects of temperature on Moreover, although 
the effects of temperature and humidity are usually considered separately, 
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these effects are obviously related; for instance, at a constant moisture 
content, an increase in temperature causes a decrease in relative humidity 
and vice versa. A possible mechanism through which temperature influences 
creep is given by Neville (48)~ In general, creep and shrinkage increase 
with temperature, the effect being less for dry than for wet concretes. 
Since hydration isa thermally activated process, its rate depends 
on both pore humidity and temperature. In the absence of moisture exchange, 
an increase in temperature accelerates not only creep but also aging. 
This effect may be viewed as a change in the time scale where the material 
parameters are considered to be f~nctiohs of an equivalent hydration period 
rather than the actual time. The rise in temperature tends to increase the 
rate of creep by decreasing the viscosity and increasing the internal 
moisture diffusion of the adsorbed water, while-the acceleration of aging 
tends to decrease the magnitude of creep. According to Ross, et al (57), 
the effects of reduction in viscosity and increase in vapor pressure are 
greater than the effects of the accompanying increase in hydration. Very 
high or very low temperatures as well as rapid temperature changes create 
additional problems; temperatures above about 80 to 100°C alter the chemical 
composition of the cement and, for temperatures below O°C, freezing causes 
a change of state. 
According to the 1970 C.E.B. recommendations, the dependence of creep 
and shrinkage on the relative humidity of storage, at a constant temperature 
of 20°C, is expressed in terms of the factors, kc and Sc ' shown in Figs. 
2.1 and 2.6, respectively. Ultimate shrinkage strains are given as a 
function of relative humidity in terms of a basic shrinkage factor, sc' 
which is 380 and 205 x 10-6 for relative humidities of 50 and 80 percent, 
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respectively_ Creep under constant stress is obtained by multiplying 
creep strains at 100 percent relative humidity by the factor kc which 
depends on the ambient relative humidity, as shown in Fig. 2.1. Thus, 
for example, for relative humidities of 50, 70 and 90 percent, the factors 
are 2.85, 2.3 and 1.5, respectively. These strains are for constant 
environmental conditions in the laboratory, and do not necessarily apply 
directly to variable environments in the field~ 
When trying to estimate the time-dependent behavior of full size 
concrete structures under field exposure conditions using creep and 
shrinkage predictions based on small size specimens stored in a constant 
environment, one is faced with certain problems which are not yet fully 
resolved. One such problem is due to the size effects which will be 
considered in section 3.2.5. Another problem is the determination of 
the appropriate value of relative humidity to be used for the estimation 
of creep relative to the value used for shrinkage. This problem is a 
direct consequence of the fact that the effects of a variable environment 
on creep and shrinkage are not the same '(See Appendix A). 
Studies on the effects of alternating humidity on creep, such as 
those by Hansen (32), L'Hermite and Macmillan (42), have indicated 
that~ in general, for slow va~iations in humidity such as occur outdoors, 
creep tends to the value it would have at a constant relative humidity 
equal to the lower limit of the alternating humidity. 
From comparisons of field and laboratory tests on creep and shrinkage, 
Mossiossian and Gamble (47) concluded that a higher bound of creep values 
expected in the field may be given by the creep of similar specimens stored 
at a constant humidity and temperature equal to the lowest monthly average 
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relative humidity and the annual mean maximum temperature in the field, 
while a lower bound may be obtained by using the average annual relative 
humidity and the annual mean minimum temperature in the field. The 
expected shrinkage values may be obtained by assuming that the specimens 
are stored at a constant relative humidity equal to the average annual 
relative humidity in the field, realizing that there may be significant 
seasonal fluctuations in the shrlnkage strains. 
Using the C.E.B. creep and shrinkage values, Mossiossian'and Gamble 
(47) and later Hernandei and Gamble (36) studied the correlations 
between the results of analysis rif the time-dependent effects and the 
actual behavior of pretensioned composite bridge girders under field 
conditions in Illinois. They concluded that a fair estimate of the 
average measured cyclic values of the time-dependent strains, deflections, 
and prestress losses could be obtained using the C.E.B. 'recommendations, 
even though the cyclic variations could not be predicted because of the 
constant environmental conditions assumed in the analysis. Also, for the 
bridges considered in the latter study, upper and lower bounds were 
obtained by using the 1970 C.E.B. creep and shrinkage values at 50 and 
80 percent relative humidity respectively. That study also indicated that 
the measured and calculated strains and prestress losses are in much better 
agreement when a ~ombination of creep values at 50 percent relative 
humidity and shrinkage values at 80 percent relative humidity is used 
instead of treating those cases separately. 
Comparisons between creep and shrinkage values for cylinder specimens 
from girder and deck concretes, under both field and laboratory storage 
conditions, and the corresponding C.E.B. values at 50 and 80 percent 
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relative humidity are given in Appendix A. It can be observed that, for 
concrete exposed to a Midwestern climate, reasonable estimates of creep 
and shrinkage strains in the field could be obtained by using the 1970 
C.E.B. recommendations assuming a relative humidity of 50 percent for 
creep and 80 percent for shrinkage, although there are seasonal variations, 
especially in the shrinkage strains. 
In this 'investigation, predictions of shrinkage and unit creep versus 
time relation~;hips are based on the 1970 C.E.B. recommendations using, as 
a standard case, creep values at 50 percent relative humidity and shrinkage 
values at 80 percent relative humidity. This is an attempt to take into 
account the effects of variable humidity in the field, realizing that, in 
the field, all time-dependent effects are expected to show cyclic variations 
as a result 0':- the seasonal fluctuations in humidity and temperature outdoors. 
However, diff2rent combinations of relative humidity have been considered 
in the analysis to bring out the important effects of this critical variable. 
To study the effectsqf using different combinations of constant 
relative humidities on the time-dependent behavior of post-tensioned bridge 
gi rders, the.:wo-s pan 56 in. - I beam (composite type A), the equivalent 
.noncompos i te !)eams and the two-span noncompos i te 78 in. -Box beam were 
ana lyzed. Cn~ep and shri nkage va 1 ues were computed for the fo 11 owi ng 
combinations of constant relative humidity: 50-50, 80-80, and 50-80 
percent, respf~ctively (See Fig. 3.5). 
The results of the analysis are shown in Figs. 3.6 to 3.8. It can 
be seen from these figures that the higher the relative humidity, the 
sma 11 er the t;)ta 1 time-dependent pres tress los ses, the sma 11 er the change 
in camber, an,j the less redistribution of concrete stresses with time. 
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The effect on creep losses is shown in Fig. 3.6; relaxation losses are 
affected only indirectly and to a much smaller degree through changes in 
the creep and shrinkage loss components (also see Fig. 3.1). The effect 
of relative humidity on the change in support moment with time can be 
deduced from Fig. 3.3. Also, it can be observed from Fig. 3.7 that the 
effect' of relative humidity for shrinkage on the change in camber with 
time is much less pronounced than the corresponding effect of relative 
humidity for creep, especially in the case of noncomposite beams, even 
though the effect on the total prestress losses is about the same. This 
is consistent with the different ways in which creep and shrinkage affect 
the time-dependent defo~mations, as explained before. 
These results show similar trends to those observed in Figs. 3.1 
to 3.4 and discussed in Section 3.2.1 where the effects of arbitrary changes 
in the creep and shrinkage characteristics of concrete were considered. 
3.2.3 Effect of Age of Concrete at Time of Post-tensioning 
Depending on construction schedules and design specifications, 
post-tensioning could occut a~ early as' 7 days after casting or as late 
as 2 or 3 months and, in some cases, it might even take much longer. 
However, for practical reasohs, post-tensioning of bridge members does 
not usually occur before the girder concrete is about 28 days old, 
especially when precast elements are used. 1h~s, at the time of 
prestressing, the girder concrete might be relatively young or quite old. 
The main factors involved in this ca~e ~re creep and shrinkage of 
the prestressed girder which are known to have significant influences on 
the time-dependent behavior of prestressed concrete girder bridges. 
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In case of composite beams~ differential shrin~age and differential creep 
will also be affected. Creep is known to vary with the age of concrete 
~ at the time of loading (48,62). UnDer the same sustained load and level 
of prestress, concrete members loaded at early ages undergo more creep than 
similar members loaded at later ages. It should also be noted that the 
age at loading affects both the magnitude and rate of creep, as discussed 
by Nevi 11 e (48 ). However, for practi ca 1 purposes, the 1 atter effect is 
not too important and the effect of aging on creep can be taken into account 
by applying a constant factor corresponding to the age at time of loading. 
According to the 1970 C.E.B. recommendations, the ratios of unit 
creep for concrete loaded at 7, 14, 60 and 90 days, to the unit creep of 
concrete loaded at 28 days, are 1.4, 1.2, 0.84 and 0.75, respectively, 
when type I cement is used. These ratios are about 1.57, 1.27, 0.8 and 
0.7, respecttvely, when type III cement is used (See Figs. 2.2 and 3.9). 
In addition, shrinkage values vary with the drying time before loading 
and because of hydration, potential shrinkage may vary with age of loa~ing 
even in the absence of drying. For members that are cured for 7 days and 
have a theoretical thickness of 20 em, the ratios of ultimate C~E.B. 
shrinkage values corresponding to the above ages at loading, with respect 
to the ultimate shrinkage for"28 days loading, are about 1.2,1.09,0.84 
and O.73~ respectively. The corresponding ratios for a member with a 
theoretical thickness of 30 cm are about 1.15, 1.075, 0.9 and 0.8, 
respectively. All these ratios will be reflected to some extent in the 
time-dependent behavior. 
To study the effects of age of girder concrete at transfer on the 
time-dependent behavior of post-tensioned bridge girders, the two-span 
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56 in.I beam (composite type A) and an equivalent noncomposite two-span 
beam were selected' for the analysis. The following four different ages, ' 
to,ofgirder concrete at time of prestressing were considered in the 
analysis: 14, 28, 60 and 90 days. The creep and shrinkage values used 
were computed according to the 1970 'C.E.B. recommendations assuming a 
relative humidity of 50 percent' for creep and 80 percent for shrinkage 
(See Fig. 3.9). For the composite type A beam, the deck was assumed to be 
cast 14 days before transfer in all the cases; the influence of age of 
deck concrete at transfer v/ill be considered in section 3.3 where the 
effects of composite action are discussed. The compressive strengths for 
the girder and deck concretes were assumed to be 6000 and 3000 psi 
respectively and the corresponding elastic moduli were taken to 'be 
constant and equal to 5.54 and 3.92 x 106 psi, respectively. 
The results of the analysis are shown in Figs. 3.10 to 3.13. It can 
be seen from Figs. 3.10' and 3.11 that the lower creep and shrinkage strains 
associated with a concrete stressed at an older age are directly reflected 
in lower total time-dependent prestress losses and smaller changes in 
camber with time; the deformation being reduced at the age, to' at 
transfer is increased. 
Earlier post-tensioning gave higher creep and shrinkage losses, 
slightly lower relaxation, and higher total time-dependent losses. The 
relaxation losses are affected only indirectly and to a much smaller 
extent through the interdependence between the various loss components. 
At the midspan section of the two-span 56 in.-1 beam considered, post-
tensioning at 14 days gave total long-term pre~tress losses of about 
17 percent of initial stress after 3600 days, while post-tensioning at 
90 days gave losses of 14.4 percent (i.e., prestressing at 14 days gave 
total long-term losses of about 2.6 percent, or 4.5 ksi, higher than those 
obtained by prestressing at 90 days)'. The corresponding values for the 
section at the center support· are about 12.6 and 10.1 percent respectively. 
Similar results showlng the same trends were obtained when low-relaxation 
strands were considered, even though in this case the effect of relaxation 
is greatly reduced and the main parameter involved is essentially creep of 
the concrete. 
The effect of age of girder concrete at time of prestressing on the 
change in support moment with time is shown in Fig. 3.12. It can be seen 
that there is very little change in the case of the noncomposite beam, 
while there is a considerable increase in the support negative moment with 
increase in the age at loading in the case of the composite beam (type A). 
This is mainly due to the increase in differential shrinkage and differential 
creep corresponding to the reduced creep and shrinkage strains of girder 
concrete stressed at an older age, with the deck concrete being prestressed 
at the same age of 14 days. Again, these trends are similar to those shown 
in Fig. 3.3 where arbitrary variations in the creep and shrinkage strains 
of girder concrete were considered. 
Fig. 3.13 shows the effect of the age of girder concrete, to' at 
time of prestressing on the final distribution of concrete stresses (i.e., 
at 3600 days). It can be seen that, in the case of the noncomposite beam, 
the earlier the transfer, the larger the change in the concrete stresses. 
However, the differences are quite small. For the composite beam, an 
increase in to causes an increase In the change of concrete stress at 
the top of the girder and a decrease at the bottom of the beam for the 
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midspan section, while the opposite is true for the section at the center 
support. These results should be compared with those shown in Fig. 3.4 
and discussed in Section 3.2.1 where the effects of changes in creep and 
shrinkage of girder concrete were considered separately. The same 
reasoning given there can be applied here. 
3.2.4 Effect of Age rif Girder Concrete at Time of Application 
of Sustained Loads Place'd after Transfer of Prestress 
The type and sequence of construction of post-tensioned girder bridges 
varies from one job to another. ~epending on the type of construction and 
design requirements, there may be some additional sustained loads applied 
after prestress i ng. In many cases, a noncompos i te aspha 1 t toppi ng m'ay be 
applied and, in the case of composite construction referred to as type B, 
a reinforced cast-in-place monolithically bonded deck is added to increase 
~he stiffness of the section and help in resisting live loads. Placement 
of such toppings could occur as early as 28 days after casting of the 
girders or it may occur 2 or 3 months after prestressing or, in some cases, 
it might even take longer. Thus, at the time of placement of these toppings, 
the girder concrete might be relatively young or quite old. 
For a concrete subjected to a major stress change after initial loading, 
the continued creep is significantly different than that of a similar 
concrete for which the additional sustained load causing the same stress 
change is assumed to be always present, especially if the concrete is very 
young at the time of initial loading (53).,. Therefore, the main factor 
directly involved in this case is the continued creep of the precast girder 
which is important to the time-dependent behavior. In case of composite 
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beams type B where the deck is cast after transfer, differential 
shrinkage and differential creep are also involved and, for co~posite 
beams type A, the effect of girder ag~ at the'time of deck casting, 
which is similar to the effect of creep and'shrinkage of deck concrete, 
,is also important. These fa~tors are considered in Section 3.3 where 
'the effects of composite action are discussed. 
In a prestressed bridge girder, in additi'on to the continuously 
decreasing concrete stresses at the level of the post-tensioning steel 
due to all the time-dependent effects of creep, shrinkage, and relaxation, 
there will be significant stress changes if a substantial composite or 
noncomposite topping is added after prestressing. In case of composite 
beams type A, the stress changes in both girder and deck may be significant 
and, for un'shored compos i te constructi on, type 6, there is a 1 arge decrease 
in concrete stress at the steel level when the deck is cast. These stress 
changes may have a significant influence on the continued creep of the 
concrete. This can be illustrated by examining the creep-time curves 
shown in Fig. 3.14 for concrete specimens subjected to several sustained 
stress levels. The specimens were assumed to have a constant elastic 
modulus of 5.54 x 106 psi, a theoretical thickness, dm, of 24 cm and .... ': 
were assumed to be initially ·loaded at the age of 28 days. Using the 
1970 C.E.B. creep values at 50 percent relative humidity, the curves in 
this figure were obtained by applying the revised rate of creep method 
which assumes that, when sUbstantial stress reductions occur in a 
concrete specimen at any age ti' the resulting creep recQvery accompanying 
the reduction in stress will be the same as the creep in a similar virgin 
specimen loaded at the age t. with a compressive stress equal to the 
1 
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stress reduction at time t .. That is, each major change in stress 
1 
follows a new unit creep-time curve. In this case of a single change 
in stress, the revised rate of creep and superposition methods coincide 
exactly. 
As indicated in Fig. 3.14, when similar concrete specimens, initially 
subjected to a sustained stress of 2 ksi at age to are unloaded toa 
stress level of 1 ksi at different times, the new creep-time curves will 
not coincide with the curve corresponding to the same specimen stressed 
to 1 ksi at aqe t_" Reducing the stress at an early time would make the 
- u 
difference smaller, but it might ~till be significant, especially for 
younger concretes, as long as the stress reduction occurs a few days 
after transfer of prestress. For a very young concrete, these effects 
are much more pronounced than those shown in Fig. 3.14, since in this 
case an increase in the age of loading, even if relatively small, could 
cause a significant reduction in creep in addition to the reduction in 
elastic strains due to the expected increase in the concrete modulus~ 
As discussed in Chapter 2, to account for large changes in the rate 
of creep due to significant stress changes caused by the addition of a 
substantial sustained load after prestressing, the time-dependent effects 
due to such a load were analyzed using a new'creep-time curve corresponding 
to the age of girder concrete at the time of application of the additional 
load. Thus, for example, in the case of composite beams type B~ .the 
deflections due to deck weight were obtained considering creep of girder 
concrete loaded at the time of deck casting; while those due to weight of 
girder concrete and prestressing force were computed considering creep of 
girder concrete loaded at the time of prestressing. 
63 
To study the effects of age of girder concrete at time of placing 
an additional composite or noncomposite topping on the, time~dependent 
behavior of post-tensioned bridge girders, the two-span 56 in.-I beams 
(composite types A and B and noncomposite) were analyzed. The age of 
girder concrete at time of prestressing was assumed to be 28 days and 
casting of the additional topping was considered to take place at four 
different times, i.~., 2, 30, 60, and 90 days after transfer. ,The case 
where the additional load is assumed to be placed immediately after 
transfer was also included for comparison. All other material parameters 
were assumed to be the same for all cases. 
The results of the ,analysis for prestress losses, time-dependent' 
camber, changes in support moments, and distribution of concrete stresses 
with time are shown in Figs. 3.15 to 3.18 respectively, and can also be 
seen in Tables 3.2 to 3.4. 
Time of ' placement makes some difference in cree~ losses and has a 
similar but reduced effect on total time-dependent prestress losses, b-oth 
losses being smaller for earlier placement of the deck dead load, as can 
be" seen in Fig. 3.15. The effect of relaxation losses is also shown in 
Fig. 3.15 and can also be seen in Tables 4.5 and 4.6. It can be observed 
that the earlier the placement of the additional load, the higher the 
relaxation losses. However, for all the cases considered, the differences 
in relaxation losses for different placement times were negligible. 
Results similar to those shown in Fig. 3.15 were also obtained for 
the 78 in.-Box beam and the 56 in.-l beams (both noncomposite and composite 
type A) when a 4 in. noncomposite asphalt topping was applied at different 
ages. This is a further indication that the time-dependent effects 'of 
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composite action on prestress losses are not significant. From the cases 
analyzed, it is obvious that the total prestress losses are larger than 
those computed assuming the additional sustained load is always present 
and smaller than those computed ignoring this additional load. However, 
it can be observed that, for post-tensioned girders which are usually 
prestressed at a relatively much older age compared to pretensioned 
members, the differences in total long-term prestress losses for different 
placement times are not significant. Hence, for practical purposes, it. 
-may be concluded that time of placement is not an important factor as far 
as prestress losses are concerned and that these losses can be computed 
assuming the additional load is applied at about two months after 
prestressing. 
The effects of application of an additional composite or noncomposite 
load at different ages after prestressing on the time-dependent camber are 
shown in Fig. 3.16. For a given time of placement in case of the composite 
beam type B, the combined effects of creep and shrinkage tend to make the 
composite beam move upwards compared to its position immediately after deck 
casting. Increasing the age of girder concrete at deck casting increases 
the differential shrinkage, and reduces the differential creep, the 
prestressing force, as well as the redistribution of moments (See Fig. 3.17)~ 
The first three factors tend to increase the resistance against upward 
movement, while the last factor tends to resist downward movement. The net 
result is less upward movement with time compared to the position of the 
prestressed girder just after deck casting. Obviously the change in camber 
between transfer and deck casting also increases with the increase in 
placement time. Thus, as a result of the effects of creep and shrinkage 
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of girder concrete from transfer up to the time of deck casting, and 
all the effects of creep and shrinkage of both girder and deck concretes 
thereafter, final camber values are-comparable for all the four placement 
times considered, as shown in Fig. 3.16. 
It should be noted that both the rate and magnitude of differential 
shrinkage are quite different for different ages of girder concrete at 
deck casting, even when the u'ltimte shrinkage ,strains for both girder 
and deck concretes are the same. 
In the case of a noncomposite load, creep causes an increase in 
the curvature existing immediately after placement which, in the cases 
considered, tends to deflect the beam downward. Different ages at time 
of application of such loads mainly influence the continued creep of the 
concrete, the changes in redistribution of moments being negligible 
(See Tables 3.2 to 3.3). Hence,in this case, after 2 or 3 years the 
differences in camber for the different placement times remain constant, 
as can be seen ·in Fig. 3.l6(b) and (c). 
Fig. 3.l7,shows the effect of time of deck casting on the 
redistribution of support moments with time. It can be seen that there 
is a substantial reduction in the negative moment with time after casting 
of the deck, especially for early placement times. This is mainly due 
to the time-dependent effects of composite action, as discussed in 
Section 3.3 and also in Section 3.6 where the results for a composite 
and a noncomposite deck are compared (See Fig. 3.59). It can also be 
seen from this figure that the redistribution increases significantly 
with the decrease in the age of girder concrete at deck casting and also 
increases with the decrease in prestress losses. The decrease in the 
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age of girder decreases the differential shrinkage and increases the 
differential creep, both of which increase the tendency of the composite 
section to move upwards. Therefore, a higher positive moment is required 
to maintain compatibility at the center support; hence the larger decay 
in negative moment. 
Lower prestress losses cause lower reductions in the secondary 
moment by reducing the tendency of the composite section to move downwards. 
This leads to a smaller regain of the negative moment redistributed through 
the effects of composite action, as can be seen in Fig. 3.17 by comparing 
the case of stress-relieved strands with the case where relaxation is 
neglected. This effect of prestress losses is consistent with that observed 
in the case of the composite beam type A and also for the noncomposite beams 
(See Figs. 3.44 and 3.54). However, in this case, because of the high 
negative moment at the center support in the prestressed girder immediately 
after casting the deck concrete, higher prestress losses result in a smaller 
redistribution, while in the other cases shown in Figs. 3.44 and 3.54 
higher losses result in a higher redistribution of moments with time. 
In all cases, higher losses correspond to higher net negative moment at 
the center support with time. However, for both composite beam- types A 
and B, the effects of prestress losses on changes in moment with time 
are very small compared to the effect of composite action. 
The effect of girder age at time of deck casting on the redistribution 
of concrete stresses with time is shown in Fig. 3.18. It can be seen that 
the older the girder concrete at deck casting, the smaller the compression 
being transferred to the deck, and hence the smaller the redistribution of 
stresses in the girder concrete with time. This is due to the increased 
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ability of the older girder to restrain the deck. Both the higher 
differential shrinkage and lower differential creep associated with the 
older girder concrete tend to reduce the compression being transferred 
to the deck concrete (See Ap~endix B, Fig~ B~2). However, since the 
girder concrete is relatively old at the time of prestressing, the 
differences between the stress changes are not very significant. Also, 
as mentioned before, there is' a substantial reduction in the redistribution 
of external moment with the increase in the age of girder at time of deck 
casting (See Fig. 3.17), while the 'prestress losses increase only slightly 
(See Fig. 3.15). Hence, to maintain moment equilibrium, the center of 
\ 
compression for the composite section m~st move away from the center of 
gravity of the steel. 
In case of a noncomposite topping, the effect of time of placement 
on the final distribution of concrete stresses is negligible for both 
composite and noncomposite beams, as can be seen in Tables 3.2 to 3.4. 
3.2.5 Effect of Size and Shape of the Cross Section 
Shape and size of structural members affect the time-dependent 
behavior by affecting creep and shrinkage of the concrete. 
Small size concrete memb~rs are expected to creep and shrink at 
higher rates than larger size members made using the same concrete. In 
the 1970 C.E.B. recommendations, size effects are considered in terms of 
a theoretical thickness, dm, which affects both the rate and magnitude of 
creep and shrinkage, as shown in Fig. 3.19 (also see Figs. 2.3 and 2.5). 
Increasing d from 20 to 30 cm~ reduces the creep by a factor of about 0.8 
m 
and the shrinkage by a factor of about 0.75 at approximately 2 years 
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after prestressing. However, these recommendations, as well as the 
findings of Hansen and Mattock (34), are based on tests carried out 
under constant environmental conditions and there is no evidence to 
indicate that these results are directly applicable to a variable 
envi ronment. 
Before trying to apply creep and shrinkage values obtained from 
small size specimens stored in a'constant environment in the laboratory 
to full size structures subjected to variable environmental conditions in ' 
the field, it is necessary to understand some of the unresolved questions 
in this area. One problem arises' from the fact that variable environmental 
conditions in the field do not affect creep and shrinkage in the same way, 
as discussed in Appendix A. The problem is further complicated due to 
size effects which may also vary with temperature and humidity (See effect 
8, Chapter 1). In addition, isotropy of the specimens and stress gradients 
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discussed by Neville (48). From comparisons made between cylinder 
specimens in the field and the laboratory and actual bridge members in the 
field, Mossiossian and Gamble (47) concluded that size effects in the 
field are different from those in the laboratory and probably much less 
pronounced, at least in a Midwestern climate. However, this problem is 
still not yet fully resolved and further research is required in this area. 
3.2.6 Effect of Type of Cement 
The type of cement affects both creep and shrinkage by influencing 
the rate of hydration in a way similar to that attributed to changes in 
the age at loading discussed previously in Section 3.2.3. 
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The 1970 C.E.B. recommendations consider this effect only on creep 
through the factor kd shown in Fig. 2.2 which gives the creep coefficient 
as a function of age or equivalent hydration period at the time of loading 
and type of cement used. According to these recommendations, for the same 
creep, the age at loading could be decreased from 28 to about 10 days or 
from 180 to 28 days by using type III cement instead of type I, but there 
is no corresponding decrease in shrinkage since the drying period prior to 
loading is not considered to be influenced by the type of cement used. 
The C.E.B. creep curves for the 56 in.I section and the 78 in.-Box section, 
using cements type I and III and loaded at the age of 28 days to a constant 
stress of 1000 psi, are shown in Fig. 3.20. For the loading age indicated, 
the unit creep values for the two cement types differ by a factor of 0.7; 
time-dependent effects are not expected to change by the same factor 
because they do not occur under constant stress. 
affect the increase in the 'elastic modulus of concrete with time as shown 
in Fig. 3.21. However, this change is of little consequences as will be 
discussed in Section 3.2.7. 
Using the C.E.B. creep values at 50 percent R.H. and shrinkage values 
at 80 percent R.H. and assumi~g that the age of girder concrete at the 
time of prestressing to be 28 days, the two-span 56 in.-I beam (composite 
type A), with constant elastic moduli of 5.54 and 3.92 x 106 psi for girder 
and deck concretes respectively, and the two-span noncomposite 78 in.-Box 
beam, with a concrete modulus of 4.5 x 106 psi, were analyzed considering 
the two cement types I and III. For the 56 in.-l beam, the long-term 
prestress losses decreased from about 21 ksi to about 19 ksi at the 
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negative moment section and from 31.0 to 28.6 ksi at the positive moment 
section and the deflection at this section decreased by a factor of about 
0.73, while the long-term change in the net support moment only increased 
by about 3600 kip-in., when cement type III instead of type I' was 
considered. This relatively big increase in the support moment of the 
composite beam is due to the increase in differential creep (See Fig. 
3.3(b)) associated with the lower girder creep considered for type III 
cement. The corresponding values for the 78 in.-Boxbeam were as follows: 
The losses decreased from 13.5 to 12.6 ksi at the center support section 
and from 24.3 to 22.8 ksi at the midspan section, the midspan deflections 
decreased by a factor of about 0.8, and the change in the support moment 
only increased by about 3 percent. The effect of these two types of 
cement on creep losses is considered in Chapter 4. 
Again the question may be raised as to whether creep values similar 
to those shown in Fig. 3.20 fo'r cements type I and III, with comparable 
differences between these two types of cements, would be observed in 
actual structures subjected to variable environmental conditions in the 
field. 
3.2.7 Effect of Variations in the Modulus of Elasticity of Concrete 
The method of analysis used in this study and the computer program 
developed for the analysis can take into account variations in the elastic 
modulus of conc~ete, as discussed in Chapter 2. In a previous study on 
pretensioned composite bridge members, Mossiossian and Gamble (47) 
concluded that changes in the time-dependent behavior due to variations 
in the elastic modulus of concrete are not very important. These time-
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dependent changes are expected to be even less pronounced in case of 
post-tensioned members since the concrete (at least that of the girder) 
is prestressed at a relatively much -older age and any variations in the 
concrete modulus thereafter are expected to be small. 
To 'study the effects of variations in the elastic moduli on the 
time-dependent behavior, the two-span 56 in.-I beams (composite types 
A and B and noncomposite) were considered and the results were compared 
with identical analysis assuming that the moduli remained constant. These 
constant values were assumed to be 5.54 x 106 psi and 3~92 x 106 psi for 
girder and deck concretes, respectively. For the variable modulus case, 
-
each one of these values were increased by a maximum of about 10 and 15 
percent, respectively, as shown in Fig. 3.22. Since the deck stresses in 
case of composite beams type B were quite small, variations in the value 
of Ed in this case were considered to be of little consequence and hence 
they were not considered in the analysis. 
When composite beams were considered, the composite section properties 
were determined using the values of Eg and Ed at transfer for type A and 
the values of Eg at time of deck casting and Ed at 28 days for type B. 
Changes in the composite section properties due to variations in the values 
of these elastic moduli were considered to be of little significance and 
were not taken into account. Moreover, according to the 1970 C.E.B. 
recommendations followed in this study, both shrinkage strains (Eq. 2.7) 
and unit creep strains (Eq. 2.1) are not affected by variations in the 
concrete modulus, as the latter is given only as a function of the 28 day 
modulus (See Eq. 2.1). Thus, the effect of a variable concrete modulus 
is only felt through changes in the incremental elastic strains during 
each time interval. 
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The results of the analysis for camber in the three beams at the 
positive moment section are shown in Fig. 3.23 where the time-dependent 
changes in camber for constant and variable E are compared. It can be 
c 
seen from this figure that the time-dependent diff~rences are not 
significant; only the instantaneous changes which depend on the value 
of Ec at the time of application of the additional load are significant. 
Similar comparisons indicated that the effects on prestress losses, 
changes in support moments, and stresses were also negligible. 
In general,it may be concluded that the estimated values of elastic 
moduli of concrete at transfer and at time of major stress changes, based 
on the specified minimum concrete strength and the permissible variations 
thereof, are important. However, the normal increase with time in these 
estimated values produces only minor changes in the time-dependent 
behavior. 
3.3 Effect of Composite Action 
In post-tensioned bridge construction, both noncomposite and 
composite beams are used as bridge members. Two types of composite 
construction were considered in this study: Shored composite construction, 
referred to as type A, where the beam is considered to be stress-free 
up to the time of post-tensioning which takes place after casting and 
hardening of the deck and after the section is fully composite; and 
unshored composi te construction, referred to as type B, yJhere the' 
precast girder is post-tensioned before casting of the deck and has to 
carry its own weight as well as that of the deck concrete. This latter 
type, although frequently used in pretensioned construction, is not 
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very common in post-tensioned construction and was included here mainly 
for purposes of comparison. 
Due to the substantial differences in age at loading and material 
properties of girder and deck in composite prestressed concrete beams, 
usually there are significant differences between the creep and shrinkage 
of the precast girder and those in the younger cast-in-place deck concrete 
which has most of its potential shrinkage and creep still remaining. To 
maintain compatibility of deformations and restrain the composite section 
to act monolithically, shearing forces and associated couples develop at 
the interface between girder and deck (See Appendix B, Section B.2). Thus, 
in a composite beam, in addition to the direct effects of creep, shrinkage, 
and relaxation, the shearing forces and moments at the interface between 
girder and deck due to differential shrinkage, differential creep, and 
differential curvature also affect the time-dependent behavior of the beam. 
All these effects, which vary with time, occur simultaneously and affect 
each other continuously. 
After the beam becomes fully composite, the factors affecting the; 
time-dependent behavior are: Creep, shrinkage, and section properties 
of both girder and deck concretes. To analyze the single and combined 
time-dependent effects of creep and shrinkage in composite bribge beams 
and to assess the relative importance of these factors, the single effects 
of varying each factor were considered and the corresponding changes in 
the time-dependent behavior were observed for the 125 ft two-span 56-in.-
I beam, Figure C.l. In case of composite beams type A, comparisons were 
also made with an equivalent noncomposite beam where the deck and girder 
-
concretes were assumed to be identical. 
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The elastic moduli for girder and deck concretes were taken to be 
5.54 and 3.92 x 106 psi, respectively, and were assumed to remain constant. 
The effects of variations in these elastic moduli were considered in the 
previous section. 
Creep and shrinkage strains for girder and deck concretes, computed 
according to the 1970 C.E.B. recommendations using a relative humidity of 
50 percent for creep and 80 percent for shrinkage, and used as a standard 
case in the analysis, are shown in Fig. 3.24. Arbitrary variations from 
these values were also considered in the analysis ih order to bring out 
the relative importance of these factors. The differential shrinkage 
and differential creep considered in the analysis of the composite beam 
type A (including upper and lower limits) are shown in Figs. 3.25 and 
3.26, other values used fall in between. 
The results of the analysis are shown in Figs. 3.27 to 3.38 and can 
further be observed in Tables 3.3 and 3.4. 
The effects of composite act inn on time-dependent prestress losses 
are shown in Figs. 3.27 and 3.28. For the section at midspan, increasing 
deck shrinkage relative to girder shrinkage increased the losses, while 
reducing deck c!eep reduced the losses, as can be seen in Fig. 3.28. 
Similar results were also obtained for the section at center support, but 
the differences are slightly larger at this section since the prestressing 
steel is located close to the interface between girder and deck where the 
effects of composite action would be felt the most. A comparison between 
the total losses for the composite beam type A and the equivalent noncomposite 
beam is shown in Fig. 3~27 for both of these sections. It can be observed 
that the changes in losses are not significant and,that large variations 
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in creep and shrinkage characteristics of deck concrete produce only 
nominal changes in prestress losses with time~ Also, additional sustained 
composite and noncomposite loads applied after transfer have about the 
same effect on prestress losses, as indicated in Figs. 3.57,4.11, and 
4.12. Hence, the effects of composite action on time-dependent prestress 
losses can be neglected without any appreciable loss of accuracy. 
Fig. 3.29 shows the effects of deck creep and shrinkage on the 
change in camber with time for the composite beam type A; time-dependent 
camber for the equivalent noncomposite beam is also shown for comparison. 
For the beams analyzed, the time-dependent deformations are mainly 
controlled by the behavior of the midspan region. In case of the non-
composite beam, the increase in camber with time after transfer is due to 
the direct effect of creep (as discussed in Section 3.2) and the increase 
in the negative moment (See Fig. 3.31) but reduced by the effect of prestress 
losses. For the composite beam, this increase is resisted by the effects 
of both differential shrinkage and differential creep, so that normally 
the net effect will be a smaller upward increase in the time-dependent 
camber compared to the noncomposite beam, in spite of a much higher increase 
in negative moment in case of the composite beam (See Fig. 3.31). When a 
similar comparison is made for simply supported beams, the downward move-
ment with time is appreciably larger for the composite than for the 
noncomposite beam, since, in this case, there is no moment redistribution 
(See Fig. 3.63)~ The effect of composite action on the time-dependent 
camber can also be seen in Figs. 3.7 and 3.11 by comparing the changes in 
camber for the composite and the equivalent noncomposite beams. 
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It is interesting to note that the use of a better quality concrete 
in the deck compared to the one used for the girder results in higher 
time-dependent camber. Reducing deck shrinkage or deck creep compared 
to the corresponding values for the girder relaxes the resistance of the 
composite section against upward movement, hence the increase in camber 
shown in Fig. 3.29, even though this effect is partially offset by the 
accompanying reduction in the negative moment shown in Fig. 3.31. It 
can also be observed from Fig. 3.29 that the effects of deck shrinkage 
and deck creep on the time-dependent camber are comparable for this 
type of construction. 
The effects of application of an additional composite or noncomposite 
load 60 days after prestressing on the time-dependent camber are shown in 
Fig. 3.30 for the composite beam type B. In the absence of such a load, 
the combined effects of creep and shrinkage will, in general, cause an 
-
increase in the initial curvature and, hence, in the initial deflection 
or camber with time. After casting of the deck, the substantial changes 
in girder stresses due to deck dead load have a significant effect on the 
continued creep of girder concrete. After removal of the deck formwork, 
the deformations which occur are the result of a complex interaction of 
creep and shrinkage effects in both girder and deck concretes, as 
discussed in Section 3.2. 
For given values of creep and shrinkage strains for girder and deck 
concretes, the effects of differential shrinkage, prestress losses, and 
reduction in external negative moment (See Fig. 3.32) tend to make the 
composite beam move downwards, while the effects of differential creep 
tend to deflect the beam upwards with time. The former effect is usually 
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dominant at early ages after deck casting~ hence the initial downward 
deflection of the composite section seen in Fig~ 3.30. In this case, the 
stress distribution in the girder immediately after casting the deck also 
leads to curvatures causing downward deflection. Differential creep 
shearing forces and ~ouples (including those associated with differential 
shrinkage) continue to increase with time and reach ultimate values much 
higher than those caused by differential shrinkage. Consequently, the 
combined effects of creep and shrinkage tend to make the composite beam 
move upwards compared to the position of the prestressed girder immediately 
after deck casting. 
For .the composite beam type B, the deck shrinks more than the girder 
but the girder creeps more than the initially stress-free deck. Hence 
reducing deck shrinkage reduces differential shrinkage, while reducing 
deck creep increases differential creep. Both these effects tend to 
res is t the downward movement of the composi tebeamand-reducethe -negative 
moment with time (See Fig. 3.32). These trends are similar to those shown 
in Figs. 3.29.and 3.31 for the composite beam type A. However, in this 
case, the effects of deck creep on time-dependent camber are not important 
since large variations in deck creep made only nominal changes' in camber 
with time, as can be seen from Fig. 3.30. This result is in agreement 
with the trends observed in a previous study by Mossiossian and ~amble 
(47). For a given time of placement, varying the creep of girder concrete 
loaded at the time of deck casting caused significant changes in time-
dependent camber, but the corresponding changes in external moment from 
the standard case were negligible. Since the tendency of the prestressed 
girder is to deflect downwards after deck casting, reducing girder creep 
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reduces the downward deflection, even though differential creep is 
reduced. It can also be seen from Fig. 3.30 that when the deflections 
due to deck dead load are computed using the original creep curve for 
girder concrete loaded at transfer (as opposed to creep of girder concrete 
loaded at time of deck casting) there is a noticeable difference even for 
a relatively old concrete (age 28 days) at time of prestressing. This 
result is not inconsistent with those shown in Fig. 3.16(a) where different 
placement times were considered. The difference in time-dependent camber 
between a composite and a noncomposite deck seen in Fig. 3.30 is mainly 
due to the effects of the continued creep in the prestressed girder. 
The effects of creep and shrinkage characteristics of deck concrete 
on the change in support moment with time are shown in Fig. 3.31 for the 
composite beam type A. The change in moment for the equivalent noncomposite 
beam is also shown in this figure for comparison. For this type of 
composite construction where the deck is post-tensioned together with the 
girder, the deck would usually shrink and creep more than the girder as 
also evidenced by the transfer of compression from the deck to the girder 
(See Fig. 3.33). Hence, in this case, for a given set of creep and 
shrinkage strains, both differential sh~inkage and differential creep as 
well as prestress losses increase the tendency of the composite beam to 
move downwards. Therefore, to maintain compatibility at the center support, 
the negative moment must increase compared to its value at transfer. 
Reducing deck shrinkage or deck creep compared to the values for the 
girder, reduces the tendency to move downward, hence a smaller negative 
moment is required to maintain compatibility at the center support. When 
deck creep is reduced below girder creep, there is actually a decay with 
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time in the negative support moment acting at transfer, as can be seen 
in Fig. 3.31 (b). 
For the compos i te beam type B, 'the changes in support moment wi th 
time are shown in Fig. 3.32. In this case the girder creeps more than 
the deck and stresses are transferred from the girder to the initially 
stress-free deck. Differential creep (including creep strains associated 
with differential shrinkage) increases the upward movement of the composite 
beam, while the direct effects of differential shrinkage and prestress 
losses increase the resistance against upward movement. The first. effect 
seems.to dominate thebehavior:.in this case. Consequently, the negative 
moment must be reduced to maintain compatibility at the center support. 
When the differential shrinkage is large enough, the negative moment 
increases ·at early ages after hardening of the deck but is later reduced 
when the effect of differential creep becomes dominant,as can be seen 
in .Fig. 3.32. Reducing deck shrinkage or creep or increasing gi~der 
creep compared to the standard case, increases the upward movement of 
the composite beam~ Therefore, a higher positive moment is required to 
restore compatibility at the center support, hence the larger decay in 
negative moment seen in Fig~ 3~32 .. This figure also shows that the 
effects of deck creep are not-significant, but the effects of changes 
in deck shrinkage or girder creep have a considerable influence on 
the redistribution of moments with time after deck casting. 
Substantial redistribution of external moments similar to those 
shown in Figs. 3.31 and 3.32 would cause correspondingly significant 
redistribution of concrete stresses with time (See Figs. 3.33 to 3.38) 
and hence may become an important consideration for design. 
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The final distribution of concrete stresses over the depth of the 
cross section for the composite beam type A is shown in Fig. 3.33 and 
the distribution with time is shown in Fig. 3.34. For given values of 
creep and shrinkage strains for girder and deck concretes, the composite 
action increases the net negative support moment substantially (See Fig. 
3.31) and reduces the compression in the deck compared to the values at 
transfer. The loss of prestress reduces the tension in the steel and 
hence the total compression in the composite section is reduced. For 
equilibrium of forces, the compression in the girder must be increased 
by an amount equal to the algebraic difference between the reduction in 
deck compression and the decrease in prestress. Consequently, for the 
section at center support where the long-term prestress losses are 
smaller and the reductions in deck stresses are higher, the compression 
in the girder is expected to increase and the moment arm from the 
steel force to the centroil of the total concrete force would increase 
significantly compared to its value at transfer. For the section 
at midspan, the loss of prestress and reduction in positive moment 
(corresponding to the increase in negative moment) have opposite effects 
and, in this case, the center of compression moves downward towards the 
center of the steel. Also, because of the higher long-term losses and 
the smaller transfer of compression from deck to girder at this section, 
the compression in the girder may be reduced compared to its value at 
transfer. 
The effects of changes in deck creep and deck shrinkage on the 
redistribution of concrete stresses are shown in Figs. 3.33 and 3.38 
for composite beams types A and B respectively. The trends shown in 
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these figures are basically the same as those observed in Fig. 3.4(a) 
, and hence can be explained in a similar manner. 
In Fig. 3.35, a comparison is made between the final distribution 
of concrete stresses obtained from the analysis and the values computed 
on the basis of an elastic reduction in the prestressing force equal to 
the total long-term loss of prestress. As mentioned before in Section 
3.2.1, the computed stress changes due to prestress losses at each 
section include the effect of a reduction in secondary moment obtained 
by assuming that the entire beam is subjected to a uniform loss of pre-
stress equal to the loss at the section being analyzed. It can be seen 
from this figure. that the final stresses are significantly different 
from those computed considering only the elastic effect of total losses. 
These differences are mainly due to the substantial changes in external 
moments with time (See Fig. 3.31). Compared to the stress distribution 
due to losses only, the increase in the negative support moment reduces 
the compression at the top and increases it at the bottom, the change 
being smaller at midspan. Similar differences between analytical and 
computed values were also observed in'the case of composite beam type B, 
especially after deck casting. 
This lack of direct relationship between changes in steel and 
concre~e stresses can also be observed in Figs. 3.34 and 3.36. For the 
section at the center support~ an elastic reduction in the prestressing 
force should cause a reduction in the compressive stress at the top of 
the girder of about 5.5 times the increase in stress at the bottom. 
However, the loss in prestress due to a change in the type of 
prestressing strand had about the same effect at both levels in the 
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girder, as can be seen in Fig, 3~34(b}, A similar effect can also be 
observed in Fig. 3.36(b) at the same section in case of the composite 
beam type 8. Similarly unrelated changes in steel and concrete stresses 
were also observed in two previous studies on pretensioned composite 
members (36, 47). These differences are significant enough to warrant 
serious consideration in design. 
The redistribution of stresses in girder concrete with time for 
the composite beam type 8 are shown in Figs~ 3.36 to 3,37. Immediately 
after deck casting, the stresses are distributed only over the girder 
cross section. With time, a significant redistribution of stresses takes 
place as a result of all the time-dependent effects of creep and shrinkage 
of the concrete and stress relaxation of the steel, as discussed earlier. 
Consequently, the deck concrete is subjected to some small stresses and 
the distribution of stresses over the girder cross section is quite 
different from that existing immediately after deck casting. 
The effects of changes in deck creep and shrinkage as well as 
changes in girder creep on the redistribution of stresses with time 
after deck casting are shown in Fig. 3.38. These effects are similar 
to those shown in Figs. 3.4 (a) and 3.33 for the composite beam type A 
and can be explained in a similar manner. Fig. 3.38 also shows the 
large difference in stress redistribution due to casting a noncomposite 
as opposed to a ~omposite deck for this type of construction. 
3.4 Effect of Characteristics of Prestressing Strands 
In addition to creep and shrinkage characteristics of the concrete, 
the time-dependent behavior is also affected by the stress relaxation 
of the prestressing steel. 
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Relaxation may be less important for post~tensioned bridge members 
with long tendons than forpretensioned bridge girders, despite the fact 
that jacking stresses in excess of the allowable 0.7 f are frequently 
_ pu 
used in post-tensioned construction to compensate for losses due to slip 
at anchorage. This is to be expected since, ih post-tensioned members with 
long tendons, the friction losses become sizable and hence the initial 
effective steel stress at th~ critical section is lower than the jacking 
stress by an amount significantly more than the pure relaxation loss that 
occurs between prestressing and release in the case of pretensioned bridge 
members. For these members, the total relaxation losses are in the order 
of 8to 12 percent of the initial stress of 189 ksi, with approximately 
30 to 45 percent of this value occurring before release resulting in an 
effective prestress level of about 180 ksi at release (36), when stress-
relieved strands are used. 
In this study only two types of bonded prestressing strands, both 
Brade 270, have been considefed: Stress-relieved strands and stabilized 
or low-relaxation strands. However, the analysis applies to any other 
type of prestressing steel provided its relaxation characteristics can 
be expressed by Eq. 2.10. 
The relaxation of strands under constant strain conditions can be 
reasonably predicted using Eqs. 2.8 and 2.9 for stress-relieved and low-
relaxation or stabilized 'strands, respectively, as discussed in Chapter 2. 
The type of relaxation which occurs in a prestressed concrete beam is not 
exactly pure relaxation because it does not occur under constant strain 
as defined. The steel strain changes continuously with time as a result 
of creep and shrinkage of the concrete and also a result of loss of 
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prestress due to relaxation. However, this change in strain is only a 
fraction of the initial strain and hence the type of loss which occurs 
is closer to the definition of relaxation than it is to that of creep. 
According to these expressions, the pure relaxation loss for 
stabilized strands is only about 22 percent of the value computed for 
stress-relieved strands. This can also be seen in Fig. 3.39, where the 
stress relaxation characteristics of these two types of strand are 
compared by plotting Eqs. 2.8 and 2.9 using the same initial stress, fSi' 
of 189 ksi and different yield stresses, f . For this initial stress, py 
the 20 to 30-year pure relaxatio~ losses~ computed according to Eq. 2.8, 
for strands with yield stresse~ of 230, 245 and 260 ksi, are approximately 
14.5, 12 and 9.5 percent, respectively. These percentage reductions 
correspond to stress losses of about 28, 22 and 18 ksi, respectively. 
Thus, relatively small increases of about 6.5 and 13 percent in the yield 
stress, lead to signific~nt reductions in the relaxation losses of about 
21 and 35 percent, respectively_ The corresponding values for low-
relaxation strands, Eq. 2.9, are only about 3, 2.5 and 2 percent, 
respectively, i.e., stress losses of about 6.5 and 4 ksi, respectively. 
The relaxation losses in a prestressed concrete beam are of course smaller 
than these values given by Eqs. 2.8 and 2.9 (See Fig. 4.13). However, 
the differences between the various cases of yield stress remain about 
the same, and the ratio of relaxation losses for the two types of strands 
also remains the same at about 20 percent, as indicated in Tables 4.3 
to 4.5. 
In addition to this significant advantage, low-relaxation strands 
have a specified yield stress, atl percent strain, of about 90 percent 
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of the ultimate strength, and an allowable initial prestress level of up 
to about 205 ksi; whereas~ for stress-relieved strands, Grade 270, the 
specified yield stress is 85 percent of the ultimate strength and the 
allowable initial prestress level is only 189 ksi. 
The relaxation characteristics of prestressing strands (expressed in 
terms of a yield stress and type of strand according to Eqs. 2.8 and 2.9) 
influence the time-dependent behavior of prestressed concrete members only 
by affecting the prestress losses. The complex interaction between creep, 
shrinkage, and relaxation exists for both types of strands. However, the 
effects of relaxation are bound to be less and the total prestress losses 
are expected to be smaller when low-relaxation strands rather than stress-
relieved strands are used (See Figs. 4.14 and 4.15). 
In a post-tensioned concrete girder stressed to 189 ksi with stress-
relieved strands, the total relaxation losses expected are in the order of 
6 to 12 percent of the initial stress. This usually constitutes about 50 
to 70 percent of the total long-term losses for girders older than abo~t 
two weeks at the time of prestressing. When low-relaxation strands are 
used, the relaxation losses are in the order of 1 to 3 percent of the 
initial prestress level (See Tables 4.3 to 4.10). The precise magnitudes 
depend on many factors such as type of girder cross-section, eccentricity 
of the strands, initial concrete stress at the level of the steel, creep 
and shrinkage characteristics of the concrete, effective initial prestress 
level and yield stress of the prestres~ing strands. 
To study and compare the influence of these two types of strands on 
the time-dependent behavior of post-tensioned bridge members, the 125 ft 
two-span 56 in.-I beam (composite type A) and the equivalent noncomposite 
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beam were analyzed assuming different values of yield stress and the 
same value of 189 ksi as a jacking stress. The deck section considered 
was 7.5 x 84 in. ~ 656 1b/ft and all other material properties were kept 
unchanged. 
The results of the analysis are shown in Figs. 3.40 to 3.46. It can 
be-seen from these figures that, in case of low-relaxation strands, the 
total time-dependent losses are substantially lower, the upward change in 
camber is higher, and there is less r~distribution in stresses and moments 
with tim~, as expected. It can also be observed from Fig. 3.44 that, for 
composite beams, the effect of the characteristics of the prestressing 
strands on the change in support with time is not significant. 
To illustrate the difference in prestress losses in a beam where 
-------------eith-er-s-t-r-e-s-s---r-e-l-i-eve 0- er--l-ow-... -re-la-x-a -t-io n-s-t rands---ma-y-b-e-u-se-d--;-the-l us-s e-s----
for .the 56 in.-I beam, using these two types of strands, are compared in 
F i 9s. 3 ~ 40 and 'j III) ",).'1"'-. It can be observed from these figures that the 
relaxation and hence the total losses are significantly reduced, while 
creep losses are slightly increased, when low-relaxation strands are used. 
Figs. 3.40 shows that, at about 3_ years after transfer, the difference in 
total losses for the two types of strands, assuming a yield stress of 
230 ksi, is about 6.5 ,percent of the effective initial stress (jacking 
.. 
stress minus the initial friction losses) which is 177 ksi at the midspan 
section considered. The relaxation losses for stress-relieved and low-
relaxation strands are about 9 and 2 percent, respectively, while the 
creep losses are about 4.5 and·5 percent, respectively. 
The effects of yield stresses on prestress losses are shown in 
Figs. 3.41 and 3.42. It can be seen from these figures that an increase 
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in the yield stress results in a decrease in the relaxation loss, an 
increase in the creep loss, and a net decrease in the total prestress 
losses for both types of strands. For the positive moment section in 
the girder considered, the difference in total losses for strands with 
yield stresses of 230 and 260 ksi is about 3.5 percent of the effective 
initial stress for stress-relieved strands, and is less than 1 percent 
for low-relaxation strands. Fig. 3.42 shows another way of considering 
the effect of different yield stresses on the long-term prestress losses 
for the two types of strands; the values plotted correspond to 3600 days 
after transfer. This figure shows that, for the cases considered, the 
long-term relaxation, creep and total losses are linearly related to the 
yiel.d stress. However, changes in creep losses due to changes in yield 
-----------------st-r-es-s@s-a-r-e- -i· r:ls-i-g-r:l-i-f-iGa-r:l-t-,-e-spec-ia-l-l~-:--when -l-ow-~r'.eJ-axatio.n-s-tr.an.ds __ ar_e_. _ .. _____ . ______ .. _ .. __ 
used. Shrinkage losses are assumed to be independent of stress, hence, 
they a re not affected by yi e 1 d s tress or type of prestres sing strand. 
It can be observed from Figs. 3.40 to 3.42 that the total prestre~s 
losses are affected by the type of strand or its yield stress mainly 
because these strand characteristics directly influence the relaxation 
component; creep losses are only affected indirectly and to a much smaller 
degree. Due to the interaction between creep, shrinkage, and relaxation~ 
reductions in relaxation losses, achieved by using low-relaxation strands 
or a higher yield stress, are partially offset by an increase in the creep 
losses. Reducing the relaxation loss by about 6 ksi may cause an increase 
in the creep loss of about 1 ksi, when stress-relieved strands are used. 
As mentioned before, prestress losses do not affect the flexural 
strength of prestressed members with bonded tendons, and the problem is 
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essentially one of serviceability rather than safety. Consequently, the 
material properties assumed in the calculation of losses do not necessarily 
have to be the same as those assumed in the strength part of the design. 
This is particularly applicable to the case of prestressing strands where 
significant differences have been observed between the material specified 
and the material supplied. 
In Eqs. 2.8 and 2.9, the total relaxation loss is expressed as a 
function lof the ratio of initial stress, fsi' to yield stress, fpy' but 
not ina linear manner (See Fig. 3.39). In Ref. (43), where Eq. 2.8 was 
originally developed, fpy' was defined as the stress at an offset strain 
of 0.001. This is not necessarily the same stress, f SY ' specified at a 
t6tal strain of 0.01 or at 0.85 fpu; the difference may be important. 
Although for stress-relieved strands, the specified yield stress (fSY = 
0.85 fpu) is 230 ksi for Grade 270 strand arid 212 ksi for Grade 250 strand, 
the actual values appear to be considerably higher than these. For 
samples obtained from strands used in the plant production of actual 
pretensioned girders, the ultimate strength, fpy' and yield stress, fSY ' 
have invariably been higher than the corresponding specified values (370. 
Data from acceptance tests on strands from two steel suppliers for delivery 
to two beam fabricato~s were also analyzed. The results of these tests 
summarized in Table 3.5, withf determined at 0.001 offset strain. py 
For these samples, fSY at 0.01 strain averaged 10 to 12 ksi higher than 
the fpy values listed (24). 
If the values in this table are representative of current strand 
production, then a yield stress, fnv' of 245 ksi would appear to be a 
," 
reasonable value to use in ev~luating the relaxation losses for 
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stress-relieved Grade 270 strand. This relatively small increase of 
15 ksi in the yield stress, fpy' above the design value, f SY ' can lead 
to a reasonably important reduction in the relaxation component of the 
losses, when stress-relieved strands are used (See Fig. 3.39). For this 
type of strand, withOf = 245 ksi and f . = 189 ksi, pure relaxation py 0 Sl 
computed at 20 or 30 years would be about 22 ksi which is 6 ksi lower 
than the generally quoted value of 28 ksi. The relaxation loss in a 
prestressed beam is of course smaller than this (See Fig. 4.13), but the 
difference between the two cases would remain about the same, as indicated 
in Tables 4.3 to 4.10. This 6 ksi difference in steel stress is of .some 
importance as long as the design is based on some limiting concrete stress 
in tension, although i-t is not important insofar as the actual behavior of 
the member is concerned. 
3.5 Effect of Initial Stresses 
Undef the existing design guides and specifications, the design of 
post-tensioned bridge girders is usually governed by the allowable stresses 
under service loads and ultimate capacity is checked at the critical 
sections. The initial stresses immediately after anchoring are also 
specified and are important to the time-dependent behavior of the girder 
mainly because of their influence on creep of the concrete and loss of 
prestress which, in turn, influence the deflection behavior and the 
distribution of stresses with time. In addition, the initial concrete 
stresses or, more specifically, the initial stress gradient and its 
distribution along the span determine the elastic deflections at transfer. 
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To bring out the main effects of the initial stresses on the time-
dependent behavior of post-tensioned bridge girders, two different types 
of bridge beams, both continuous on two spans, were analyzed: 56 in.-I 
beam (composite type A) and noncomposite 78 in.-Box beam. The results of 
the analyses which are shown in Figs. 3.47 to 3.55 will be considered in 
the following parts of this section. 
3.5.1 Effect of Initial Prestress Level 
The initial steel stress remaining immediately after anchoring 
influences the time-dependent behavior indirectly through prestress losses 
which are affected mainly because of the direct dependence of the relaxation 
component on this initial stress. In addition, the initial concrete stresses 
and the initial camber are strongly dependent on the prestressing force 
which is the product of the number of strands times the initial steel 
stress. 
The initial steel stress was varied by assuming different values of 
jacking stress or by varying the initial prestress losses. In turn, the 
initial losses were varied by considering different cable profiles or by 
assuming different values of wobble coefficients, k, curvature friction 
coefficient, ~, and ancho~ slip, A. 
Initial Losses 
In post-tensioned construction, the general practice is to anchor 
each tendon after 'prestressing it to a specified stress level. At the 
end of the jacking operation each tendon will have undergone a different 
amount of elastic shortening depending on its position in the jacking 
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sequence. The elastic loss due to this sequential post-tensioning can 
be calculated for each tendon as explained in Appendix B. For post-
tensioned members, the elastic shortening loss is only a fraction of the 
corresponding value for pretensioned members. It can either be eliminated 
by overstressing each tendon by the amount of elastic shortening anticipated, 
or accounted for when computing the effective initial steel stress remaining 
at the end of the jacking operation. Accordingly, this loss was not 
considered in this study. 
To determine the initial steel stress immediately after a~choring, 
it is necessary to ~valuate the losses due to friction and slip at 
anchorage. These los~es depend on the values assumed for wobble 
coefficient, k, curvature coefficient, 11, and anchor slip, 1:1. Depending 
on the type of duct, tendon, wrapping material, workmanship, and anchorage 
system used, these coefficients vary within expected ranges (4~ 7), 
The effects of possible variations in the~e three parameters k, 11, and 1:1 
were studied to determine their relative importance compared to using 
average values in the analysis of time-dependent behavior. 
As shown in Table 3.1, the values of these coefficients were varied 
within the ranges recommended by ACI (7 ) and AASHTO (4) for bonded 
7-wire strands in metal conduits, which is the only type of tendon 
considered in this study. These sets of values were also chosen so as 
to be consistent with the standard of workmanship generally expected 
and the anchorage systems normally used for post-tensioning bridge 
girders. 
The results shown in Table 3. 1 were obtained for the two-span 56 in.-
I beam (composite type A) by varying the three coefficients, k, 11, and 1:1, 
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one at a time. Stress-relieved strands, Grade 270, with a yield stress 
of 0.85 fpu' were considered and a jacking stress of 189 ksi was assumed. 
From these results, the following observations can be made: 
(1) Within the usual range of spans and shapes of cable profiles 
used for post-tensioned bridge girders, the total long-term prestress 
losses and deflections are not very sensitive to changes in the value 
of ~ and the effects of changes in 6 are negligible. 
(2) Among the long-term loss components, relaxation losses, which 
are influenced directly, are affected the most bec~use of their strong 
dependence on the effective initial prestress level determined by these 
coefficients. Creep losses, however, are affected only indirectly, and 
to a very small extent, through changes in f .. Shrinkage losses are, Clr 
of course, not affected at all since they are assumed to be independent 
of stresses. 
-. (-3 )-Although- an-- unrealistically--l-ow---eva-lua-ti-o-n--of-fri-ction-l-o-s-s-e-s----------
may lead to inadequate prestress and improper camber and overestimation 
may result in extra prestressing force and excessive camber, inaccurate 
estimation of friction losses is not as detrimental as it appears at 
first. Underestimation of friction losses leads to lower initial stresses 
and hence lower long-term losses and vice versa, as indicated in Table 3.1. 
Changing the friction losses by about 14 ksi produced a change of only 
7 ksi in the total losses at the critical section for positive moment. 
(4) Of the three parameters k, ~, and 6 investigated, the wobble 
coefficient, k, seems to be the most influential for tendon profiles and 
spans similar to ,those considered for Table 3.1, while variations in the 
anchor slip, 6, have negligible effects. 
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Based on these observations~ it was concluded that changes in 10ng-
-
term prestress losses,deflections, and redistribution of moments and 
stresses are not sensitive to changes in the parameters k, ~ and 6, and 
average values may be used to study the time-dependent behavior of post-
tensioned bridge beams. Accordingly, in this study, the average values 
of wobble coefficient k = O.OOl/ft, curvature coefficient ~ = 0~20, and 
anchor slip 6 = 0.10 in., were'used for all the beams considered in the 
analysis. 
Jacki Stress 
In thi s 'study only Grade 270 strands were cons i de red , a 1 though 
stress-relieved strands, Grade 250, are also widely used in prestres~ed 
concrete construction .. According to pres~nt specifications (4, 6),' 
the allowable ja~king stress may go up to 80 percent of the specified 
ultimate-strength-,-fpu,--provided -the"initi-al-stress-immediatelyafter------
anchoring does not exceed 0.7 fpu' Thus, the initial stress is limited 
to 189 ksi for Grade 270 strands and to 175 ksi for Giade 250 strands, 
even though the ultimate strengths of these strands are very often greater 
than the specified values (37). Accordingly, jacking stress could be 
anywhere between 70 and 80 percent of the speci fi ed 'ul timate strength, 
depend{ng on the anticipated amounts of ship at anchorage, elastic 
shortening and cable friction. For the Grade 270 strands considered, 
the jacking stresses assumed in the analysis are: 0.70, 0.75, ahd 0.80 
of fpu' which correspond to stress levels of 189, 202.5, and 216 ksi, 
respectively. Jacking stresses of 192 and 200 ksi were also considered 
for the two~span 78 in.-Box beam. It must be remembered that it i~ the 
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concrete stresses at the critical sections and not the steel stress 
that usually govern the design under service loads. 
The effect of initial steel stress on pure relaxation is shown in 
Fig. 3.47. For stress-relieved strands with a yield stress of 230 ksi 
and anchored at 189, 180, and 160 ksi, the pure relaxation losses 
expected over a period of 20 to 30 years are about 14.5, 12.5, and 8 
percent of the initial prestress, respectively, which correspond to 
stress losses of about 28,22.5, and 12.5 ksi, respectively. The 
relaxation losses in a beam are of course smaller than these values; 
the relationship is shown in Fig .. 4.13 and discussed in Chapter 4. 
The effects of using different jacking stresses on prestress losses, 
deflections, and redistribution of concrete stresses and support moments 
with time are shown in Figs. 3.48, 3.50, and 3.52 to 3.55. Comparisons 
are also made in these figures between the time-dependent behavior 
_________ c'orres_po_odjng_to _the_ us_e_of __ comb in at i o.n s-_-oJ-Ja ckin.gstress es--ancLnumbe-~----------­
of strands which produce the same prestressing force and hence the same 
initial concrete stresses, deflections, and support moments. 
It can be seen from Figs. 3.48 and 3.50 that the higher the initial 
steel stress, f "' the hicJher the relaxation losses and the higher the Sl ' 
total time-dependent prestress losses. Also, for the same number of 
strands, an increase in f 0 increases the actual stress loss (psi) due 
Sl 
to creep since f Or increases. However, for the beams considered in 
C1 
the analysis, there seems to be very little percentage change in the 
creep loss component when considered as percent of f si ' This is partly 
due to the interaction between the loss components; the significant 
increase in relaxation loss due to the higher f " tends to reduce the 
Sl 
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increase in creep loss corresponding to the higher f .. 
clr 
For the same prestressing force and hence the same initial concrete 
stresses, a change in fsi affects the total time-dependent prestress 
losses mainly by affecting the relaxation component directly; creep losses 
are aff~cted only indirectly and to a much smaller degree through the 
interaction between the loss components. 
The effect of the initiil steel stress on the change in camber with 
time can be seen by examining the curves shown in Figs. 3.52 and 3.53. 
It can be observed from these figures that the higher the initial steel 
stress, the bigger the upward change in camber. However, for the same 
initial prestressing force and deflection, the change in camber is about 
the same for two significantly different jacking stresses, especially 
in the case' of:the noncompoaite beam. Also, when the initial deflections 
due to prestress and permanent loads are comparable, the magnitude of the 
. 1 i"fne=a epen'aent~-aef Te-cl-ioh--remafns-5ma:ll ~ --_ .. _.. .. -
It can be seen from Fig. 3.54 that the higher the initial steel 
stress, the greater the change in support moment. For the sam~ prestressing 
force, the net change in support moment remains about the same when different 
jacking and hence initial steel stresses were considered for the composite 
56in:-I beam, in spite of a considerable change in prestress losses. 
This is mainly due to the offsetting effect of the composite action 
discussed before in section 3.3.· In case of the noncomposite 78 in.-Box 
beam, where there is no composite action, the prestress losses seem to 
have'a' bigger influence on the redistribution of moments (See Fig. 3.54(a)). 
These effects were also observed before, in Fig. 3.44 where the effect of 
the type of strand was considered and where the only variable was the 
prestress losses, 
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Similar trends were observed when the initial steel stress was 
varied by considering a different cable profile. However, the use of 
a different shape of cable profile not only changes the initial prestress 
level by changing the friction losses, but also affects the stress 
distribution and camber since the distribution of curvature is strongly 
influenced by the variation of eccentricity along the span. Obviously, 
for a given cross section, a change in fsi will have the same effect· 
irrespective of how the change was brought about (i.e., whether by 
changing the friction coefficients, the cable profile, or the jacking 
stress), provided all other parameters including f. are kept the same. Clr 
.3.5.2 Effect of Initial Concrete Stresses 
The initial concrete stresses at the end of the jacking operation 
are important to the time-dependent behavior because of creep and its 
dominance in the complex lnteraction between relaxation, shrinkage, and 
creep. As explained before, creep strains affect curvature both directly 
and indirectly while shrinkage and relaxation affect it only indirectly 
through prestress losses. A decrease 'in the prestressing force due to 
relaxation, shrinkage, and creep at the level of the strands causes 
changes in the creep rates allover the depth of the cross section and 
along the length of the beam. Thus, a prestressed beam may be considered 
to be subjected to two different but interrelated effects: An increase 
in curvature caused by creep and a decrease in curvature caused by 
prestress losses due to relaxation, shrinkage, and creep. This increase 
in curvature and the corresponding increase in camber depend on the 
initial stress gradient and its distribution along the span. Naturally, 
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the magnitude and gradient of initial stress distribution~ and hence 
the magnitude and direction of the initial deflections (i.e. ~ whether 
upward or downward) depend on the initial concrete stresses due to 
prestress and transverse loads. If the initial stress gradient is very 
smal1,then shrinkag~ and relaxation are bound to dominate; however, in 
most cases, the stress gradient is large "and creep usuallY dominates. 
The "effects of the initial concrete stresses were studied by 
considering different initial prestress levels,"number of strands, span 
lengths, number of spans, weights and cross sections for girder and deck, 
~ -.-.-.. -.-.. -.-.-.-.-... -.--.-~-.-.- -·-·-a·n·Q':·~·by-··-c·um~p-cir·i-·n-g·-·--·t··h···e·-·--·r-e-s··a·"l-"t-s-··-a"t-·-·-d-i-·f·fe~r-e"n·t- -·c-'i-t-1-·ea-·l~"·-s··e-c~t-·i-o··fl-S~--w4-t·h-;-fl· ·-·the--~ 
same beam. 
The effects of initial concrete stresses on prestress loss, changes 
in camber, concrete stresses and redistribution of support moments with 
time are shown in Figs. 3.49,3.51, and 3.52 to 3.55. These figures were 
obtained for the noncomposite 78 in.-Box beam and the composite 56 in.-I 
beam by changing the number of strands or by considering different weights 
of cross section. All strands were initially jacked to 189 ksi. 
It can be observ~d from Figs. 3.52 to 3.55 that, for the same initial 
! 
steel stress, the upward change in camber, the distribution of concrete 
stresses, and the change in support-moment with time all increase with 
the increase in the number of strands. It can also be seen from Figs. 
3.52 and 3.53 that, when the initial camber is the same, the time-dependent 
deflection also remains about the same when different combinations of 
strand numbers and dead loads 'are cons i dered. Varyi ng th"e dead load 
had very little effect on the net change in support-moment with time, 
as can be seen from Tables 3.2 to 3.4. 
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Figs. 3.49 and 3.51 for prestress losses show that the higher the 
initial concrete stress, f
cir ' in compression at the c.g.s. level, the 
greater the creep losses, the lower the relaxation losses, and the 
greater the total time-dependent prestress losses, For the same initial 
steel stress, changes in total losses are due mainly to changes in the 
creep component which is directly affected by changes in f . ; relaxation Clr 
losses are affected only indirectly and to a much smaller degree. The 
same trends were observed in Fig. 3.45(a) when low-relaxation strands 
were considered. Fig. 3.51(b) indicates that, as far as initial concrete 
stresses are concerned, the most irifluential factor with regard to 
prestress losses is the net value of f
cir at the critical' section 
corisidered; how this stress is constituted (i.e., how much is due to 
prestressing and how much is due to dead load) is of minor importance 
" by comparison. 
For the different croSs-section girders considered, the relationship 
between the long-term creep losses and the initial concrete stress, fcir ' 
at the c.g.s. level is linear indicating direct proportionality, as shown 
in Fig. 4.9 and discussed in Chapter 4, Section 4.3. The lines for the 
different beam cross sections with different creep coefficients, when 
related to the same base, are essentially parallel, but they do not coincide 
even for different critical sections along the same beam. This is due to 
the effects of the other loss components which differ from one cross 
section to another mainly because of differences in the initial conditions. 
The interrelationship between the loss components due to creep 
shrinkage, and relaxation is reflected in all the figures where prestress 
losses have been plotted. It is obvious that losses due to relaxation of 
the steel and losses due to creep and shrinkage of the concrete are 
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inversely related, i.e., for the same initial conditions, the greater 
the losses due to creep and shrinkage, the lower the relaxation losses 
and vice versa. This interdependence between the various loss component~ 
can also be seen in Figs. 4.10, 4.14 and 4.15 which are discussed in 
Chapter" 4, Section 4~3. These figures were obtained by considering 
different beam cross sections (See Appendix C) subjected to different 
conditions which covered a wide range in the main variables that affect 
the long-term prestress losses. It was helpful to find that the 
relationships are linear and that the slopes of the lines (for a given 
type of strand) are approximately the same in the range of interest 
considered, since it simplifies the estimation of the long-term prestress 
losses for design purposes, as discussed in Chapter 4. 
3.6 Effect of Sustained Loads Applied after Transfer of Prestress 
In post-tensioned bridge construction sustained loads, in the form 
of composite deck concrete or noncomposite asphalt topping, may be applied 
after transfer of prestress. The effects of the stress changes due to 
the application of such loads must be considered in the prediction of 
time-dependent behavior. 
In addition to their elastic contribution, substantial stress changes 
due to additional sustained loads applied after transfer significantly 
influence the creep of the concrete. Such effects can be seen by 
examining the creep-time curves shown in Fig. 3.14. In this figure, 
the effects of different stress reductions are compared for similar 
concrete specimens subjected to the same constant initial stress of 
2 ksi at the age of 28 days and maintained up to a period of 60 days, 
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when various reductions to different stress levels have taken place. 
As mentioned before, the curves in this figure were obtained by applyi,ng 
the revised rate of creep method using the 1970 C.E.B. creep values at 
50 percent relative humidity. 
To develop a better understanding of the effects of additional 
sustained loads on the time-dependent behavior, two different bridge 
", 
girders were analyzed: The 162 ft two-span noncomposite 78 in.-Box 
beam considering different thicknesses of asphalt topping, and the 
125 ft two-span 56 in.-I beam (composit~ type B) with different deck 
sizes. The properties of the different deck sections considered in the 
analysis are shown in Table C.l. The girders were 'assumed to be pre-
stressed at the age of 28 days and the additional loads were assumed to' 
be placed 60 days after that. The creep and shrinkage strains used for 
girder and deck 'concretes are shown in Fig. 3.23 for the 56 in. -1 beam; 
those for the 78 in.-Box beam are shown in Fig. 3.5 at a relative 
humi di ty of 50 percent for' creep and 80 percent for shri nkage. All 
other variables for a given cross section were kept unchanged. 
The results of the analysis for the time-dependent prestress losses, 
deflections, distribution of concrete stresses, and changes in support 
moments with time are shown in Figs. 3.56 to 3.61. 
From Figs. 3.56 and 3.57, it can be observed that the total time-
dependent prestress losses decrease in some fairly direct proportion to 
the increase in the concrete stress reduction at the level of the ste~l. 
This is also shown in Fig. 4.11 w,here linear relationships between the 
concrete stress reduction, f at the steel level and the total long-cds' 
term prestress losses, ~fs' were obtained for several different cross-
101 
section girders. The slopes of the various lines in that figure are 
approximately the same. The same trends were also observed for creep 
losses. Relaxation losses, however, are affected only indirectly through 
the interaction between the loss components; the change is not significant, 
as can be observed from Tables 4.5 and 4.6. 
It can be seen from Fig. 3.57 that additional sustained composite 
and noncomposite loads applied after transfer have about the same effect 
on prestress losses (as also indicated in Figs. 4.11 and 4.12). The 
largest difference is about 2 percent obtained at the center support 
section when a large deck of 8 x 120 in. - 1000 lb/ft is considered. 
Even this difference may be mainly due to the large shift in the position 
of the centroidal axis rather than to any time-dependent effect of composite 
action. The situation, however, is quite different when time-dependent 
camber or redistribution of moments and stresses are considered. 
Fig. 3.58 illustrates the effect of additional loads, both composite 
and noncomposite, applied after prestressing on the change in camber with 
time. It can be observed that size of the composite deck has only a minor 
effect on the change in the time-dependent camber after casting of the. 
deck concrete. Wh~n an equal but noncomposite load i~ considered, the 
girder deflects downwards more with ~ime. The larger the deck size, the. 
bigger the difference between the effect of a composite and nQncomposite 
topping having the same weight. This is mainly due to the effect of the 
increased girder creep caused by the increase in the dead load of the deck. 
In the case of a noncomposite load, ~his creep increases the downward 
deflection of the prestressed girder, while, for the composite deck, it 
increases the resistance of the composite section against the downward 
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movement of the girder, as discussed in Section 3.3~ It can also be 
observed from Fig. 3.58 that, in the case of noncomposite toppings~ the 
change in camber with time is almost directly proportional to the magnitude 
of the applied load. 
It can be seen from Fig. 3.59 that the larger the size of the deck, 
the bigger the change in support moment with time after casting of deck 
concrete. This may be due to a number of factors. The increase in deck 
size reduces the stresses in deck concrete and increases the stresses at 
the top of the girder over the midspan region of the beam. This increases 
the negatlve -moment in the gfrder' due-- to di fferenti a i creep, there-by 
incr~asing the tendency of the beam to deflect upward. Thus, the moment 
~ue to the sum of differential shrinkage and differential creep, which in 
_ .. __ .... _--" - ---
----this--case- tend-stbaerl eCl--the-be-am'Up-wara, in-creases-witn-fhe' fncrea's e in 
deck size; hence a' larger positive moment has to be applied to restore 
continuity at the center support. This is similar in a way to the effect 
of reducing the deck creep and hence increasing the differential creep 
which increased redistribution as observed previously in Fig. 3.32. 
Moreover, increasing the d~ad load of the deck reduces the time-dependent 
prestress losses, thereby increasing the redistribution as can be observed 
from Fig. 3.17. This seems to occur even though, in the case of the larger 
deck, the higher position of the centroidal axis is expected to produce 
more reduction in'the secondary moment with time. 
A similar trend can also be observed from the results shown in 
Table 3.3 for the composite beam type A. However, the differences here 
are considerably smaller mainly because the stress change in the girder 
concrete associated with the different deck sizes are not as great since, 
in this case, the deck is post-tensioned together with the oeam. 
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It is also clear from Fig. 3.59 that the addition of a noncomposite 
load causes only an elastic shift at the time of placement with virtually 
no redistribution thereafter, even though it produces about the same 
reduction in prestress losses as a composite deck having the same weight 
(See Fig. 3.57). The effect of adding a noncomposite topping can also be 
observed from Table 3.2 for the two-span n~ncomposite 78 in.-Box beam. 
For this beam~ 2 in~ of asphalt produce an elastic change of about 34 x 103 
kip-in. in the support moment. The.corresponding effect on the total time-
dependent prestress losses for this beam can be seen in Fig. 3.56. 
--Fig. 3:60-5how~ the effec~ of addingdifferent~thicknesses of asphalt 
topping on the distribution of concrete stresses with time over the depth 
of the cross sections at midspan and at center support of the two-span 
78-in. -Box-beam .--:S-imi-la-rly-, -,-F-i g~,3.-6-l -s-hows- the- effect-of. _decks tze_ .on __ _ 
the distribution of stresses in girder concrete with time for the 56 in.-
I beam (composite type B) .. It can be seen that the noncomposite load 
produced only the instantaneous change with the distribution immediately 
after placement being very close to the final distribution, while the 
addition of a composite deck caused considerable redistribution of stresses 
with time. As the deck size increased, the change in concrete stress after 
deck casting increased at the top of the girder and decreased at the bottom 
for the section at midspan; the opposite occurred at the center support 
section. This result is also mainly due to the effects of the increased 
creep in girder concrete, as discussed in Section 3.3. Similar results 
were also obtained when the same deck size of 7.5 x 84 in. was considered 
assuming two different dead loads of 400 and 800 lb/ft (See Table 3.4). 
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3.7 Effect of Continuity 
In highway bridges~ post-tensioning is used mainly in continuous 
girders where cast-in-place or precast composite or noncomposite 
construction may be used. 
"In a simply supported prestressed concrete beam, the stresses and 
deflection change with time as a.result of creep~ shrinkage, and relaxation. 
In a continuous post-tensioned beam, creep, shrinkage, and relaxation, 
introduce additional changes in stresses and deflections by causing 
redistribution of the external ·moments due to dead load and prestressing 
force in continuous tendons. 
In the previous sections, the effects of the critical variables 
on the time-dependent behavior were mainly considered by analyzing two 
different beam cross sections: The 56 in.-I beam and the 78 in.-Box beam, 
both continuous over two spans. To bring out the effects of continuity, 
a comparison will be made here between the corresponding behavior of the 
same two beams when considered as simply supported. 
To make the comparison fair and simple, the initial steel and 
concrete stresses as well as the initial deflections at the midspan 
sections in the one-span beams were made to match the corresponding values 
in the two-span beams. For the 125 ft one~span 56 in.-I beam with "the 
cable profile shown in Fig.C.l, this was achieved by assuming a slightly 
smaller value of wobble coefficient (k = 0.9 x 10-3 instead of 1.0 x 10-3/ 
ft), and by increasing the number IT strands from 42 to 51 and the dead 
load by 300 lb/ft. For the 162 ft one-span 78 in.-Box beam, a lighter 
concrete with a unit weight of about 110 lb/ft3 had to be assumed, thereby 
reducing the dead load from 8.60 k/ft to 6.30 k/ft, and the number of 
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strands had to be increased from 240 to 255. Obviously this matching 
was only made at the critical section for positive moment (referred to as 
the midspan section). Other sections cannot be matched at the same time 
and hence the deflections, which depend on the distribution of curvature 
all along the span, tannot be truly compared. 
The results of the comparison for the prestress losses, deflections, 
and distribution of concrete stresses are shown in Figs. 3.62, 3.63, and 
3.64, respectively. From these figures, it can be seen that there are 
appreciable differences in the final stresses and deflections for the 
one-span beams compare~ to those for the two-span beams, even though the 
initial values were the same. This is mainly due to the redistribution 
of moments and the more beneficial distribution of curvature that occur 
in the continuous beams. 
In addition to the results of the analysis for prestress losses shown 
in Fig. 3.62, further comparisons can also be made between the values for 
one- and two-span beams shown in Tables 4.4 to 4. 5and 4.8 to 4.10. These 
results indicate that, for the same initial conditions, the long-term 
prestress losses in the simply supported and continuous composite and 
noncomposite beams analyzed are comparable. This result has some practical 
significance since it indicates that the effects of continuity on the total 
long-term prestress losses are not important and can be neglected. 
The effects of prestressing and secondary moment on the change in net 
external moment at the center support are shown in Fig. 3.65 for the two~span 
56 in.-I beam (composite type A) and the equivalent noncomposite beam. 
The case of approximately zero secondary moment'corresponds to an almost 
concordant cable obtained by attempting to make the cable eccentricity 
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coincide with the effective eccentricity. It can be observed from this 
figure that the change in support moment is due mainly to prestressing 
since the net change is about the same for a weightless beam for both 
the comosite and noncomposite beams considered. However, there is a 
marked difference between the two types of beams. In the case of the 
noncomposite beam, the change in support moment is much smaller and is 
due almost entirely to the presence of the secondary moment, while for 
the composite beam, the major part of the change is due to composite 
J 
action. The effect of the secondary moment is about the same for the 
two beam types·. The case of zero'eccentricity along the span also gave 
results very close to those of the concordant cable shown in Fig. 3.65. 
Finally, it is important to comment on certain aspects related to some 
of the questions which are not yet completely resolved. One problem is the 
determination of a rational procedure which takes into account the effects 
of variable climatic conditions on the magnitudes and rates of creep and 
shrinkage. This problem arises because creep and shrinkage strains are 
not af~ected to the same extent by fluctuations in field humidity and 
temperature, as discussed in Appendix A, where the results of test 
specimens subjected to outdoor exposure are compared to those of companion 
specimens stored in the laboratory. These results indicate that the creep 
strains are much higher than would normallyhav~ been associated with the 
average field humidity, while shrinkage strains develop only to the 
expected values. This high creep in a relatively moist environment must 
be taken into account if the time-dependent deformations and prestress 
losses in prestressed concrete structures exposed to variable environments 
are to be adequately predicted. One way of tackling this problem, at least 
107 
in an approximate way, is to use creep values associated with the lower 
limit of the monthly average relative humidity in the field rather than 
the average annual field humidity usually used for predicting shrinkage 
strains. A study by Hernandez and Gamble (36) indicated that, for bridge 
members located in the Midwest, fair predictions of total strains and 
prestress losses could be obtained by using 50 percent relative humidity 
for creep relative to 80 percent for shrinkage (also see Appendix A). 
However, a general criteria for selecting the most appropriate value of 
relative humidity for creep prediction relative to the value used for 
shrinkage in different climatic regions have not yet been fully 
established. 
Another problem that may be of some concern is the fact that this 
parametric study is based mainly on creep and shrinkage values computed 
according to the 1970 C.E.B. recommendations. Consequently, some questions 
may arise concerning the actual behavior of bridge members under field 
exposure conditions. There have been few attempts to investigate the. 
actual behavior of prestressed concrete bridge members under field 
conditions with companion laboratory and field stored specimens. Field 
measurements on post-tensioned bridge girders were reported by Finsterwa1der 
(22), Leonhardt (40), Breckenridge and Bug (16), Marks and Kiefer (45), 
and Kobubu, Goto and Ozaka (39). Unfortunately, the data reported in the 
liberature available is not sufficient to allow any valid comparisons. 
However, based on the analysis of field data of actual prestressed concrete 
girder bridges located in the Midwest, as reported in References (47) and 
(36),:it .was observed that average values of total strains, deflections, 
and prestress losses could be fairly estimated using the 1970 C.E.B. 
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recommendations assuming a relative humidity of 50 percent for creep and 
80 percent for shrinkage. Also, upper and lower bounds of total strains 
and pres tress losses were obta i ned by us ing the C q E'. B. creep and s hri n kage 
values at 50 and 80 percent relative humidity, respectively. 
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4. FACTORS FOR THE ESTIMATION OF LONG-TERM PRESTRESS LOSSES 
4.1 Introduction 
Precise determination of prestress losses in prestressed concrete 
members is very involved due to the complex interaction between creep, 
shrinkage, and relaxation. Furthermore, it requires detailed information 
regarding the rheological properties of the constituent materials, the 
ambient exposure conditions, and construction factors such as the curing 
conditions and other details related to the construction sequence. 
Such detailed information is not usually available to the designers. 
Fortunately, for most structures, precise calculations of losses are not 
necessary since typical designs are relatively insensitive to sizable 
variations in prestress losses, as evidenced by the satisfactory 
performance of prestressed concrete bridges designed using approximate 
average loss values. This is mainly because actual prestress losses 
have little o~ no effect on the design strength of members, but affect 
the serviceability requirements assessed primarily in terms of stresses, 
deflection and camber, and cracking load. However, it should be noted 
that overestimation of prestress losses is just as undesirable as under-
estimation, since the former can result in an overestimation of camber 
and a corresponding increase in the prestressing steel and load factor 
without improving serviceability. Hence, it is desirable, for design 
purposes, to develop simplified expressions which predict long-term 
prestress losses with reasonable accuracy by relating these losses to 
the initiil stress~s taking into account the critically important 
parameters. 
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The 1969 AASHTO Specifications, Art. 1.6.8(8), considered the 10ng-
term losses in prestressed concrete bridges to be 25,000 psi for post-
tensioned members and 35,000 psi for pretensioned members. The same loss 
values were recommended in the 1963 ACI Code ( 5) and suggested in the 
Commentary to the 1971 ACI Code ( 7). These loss provisions were originally 
selected to provide average values recognizing that actual losses might 
vary significantly from these recommendations. Several investigators (4', T5, 
27, 28, 31, .36, 51, 61) have suggested more accurate loss prediction methods 
either in the form of time-dependent iterative procedures and simplifications 
--< · __ .. _,_._--_.- _ .. -.-- '_ .. _--._- .-
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thereof, or using a more direct and practical approach. The most significant 
of these are the procedures developed by Hernandez and Gamble (36), PCI 
Committee (51), and the provisions of Section 1.6.7(8) of the 1975 AASHTO 
Interim Specifications. The last two methods will be considered in the 
following discussion. It should be noted, however,' that most of these 
methods are based on the analysis of pretensioned members and they do not 
consider the effects of ~ontinuity of the prestressing steel and of the 
corresponding secondary moments. 
The 1975 AASHTO Interim Specifications, Art. 1.6.7(8), introduced 
. . 
a new set of loss factors for the estimation of prestress l6sses in 
prestressed concrete bridge girders. The 1975 Interim Specifications, 
which are essentially those proposed by Gamble (55), represent an improve-
ment over the 1973 AASHTO Specifications in that the values of the 
individual loss components have been modified to reflect more accurately 
the research that has occurred in this field. The effects of relative 
humidity and time between casting and stressing on the shrinkage of 
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concrete are taken into consideration. In addition, the interaction 
between creep and shrinkage of the concrete, relaxation of the steel, 
and initial losses is considered to some extent by recognizing the 
interdependence betw~en the various loss components .. According to the 
1975 AASHTO Interim Specifications, Section 1.6.7(B)(1), long-term 
prestress losses for post-tensioned members are estimated in the 
following way: 
where: 
6f = SH + CR + CR 
s c s 
SH = 0.8 (17,000 - 150 RH) 
CRs £ 20~000 - 0.4-ES -0.3 ~FR - 0.2 (SH + CRc) 
6f = total estimated long-term prestress losses in psi, 
.s 
(4. 1 ) 
(4.2) 
(4.3) 
(4.4) 
SH = loss in psi due to shrinkage of concrete, defined by Eq.' 4.2 
in which RH = average annual relative humidity in percent, 
CRc = loss in psi due to creep of concrete, defined by Eq. 4.3 
in which f. = net concrete stress at the center of gravity 
Clr 
of the prestressing steel due to the prestressing force arid 
dead load at the critical section considered immediately 
after transfer of prestress, and fcds = concrete stress at 
the center of gravity of the prestressing steel due to all 
dead loads applied after transfer of prestress, and 
CRs = loss in psi due to relaxation of the prestressing steel, 
defined by Eq. 4.4 where: 
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ES = 0.5 n f. = loss in psi due to el~stic shortening, Clr 
n = E IE = modular ratio at time of post-tensioning, s co 
6FR = [0~7 fpu - (fsj - FR)] = friction loss stress 
reduction in psi for an initial prestress level below 
O.7fpu at the point under consideration immediately 
after transfer, 
fpU = ultimate strength of post-tensioning steel in psi, 
f . = jacking steel stress in psi at the center of gravity SJ 
of the post-tensioning steel just before release, and 
FR = friction loss at the point under consideration, 
computed according to Article 1.6.7(A) of the 1973 AASHTO 
Specifications (3). 
As explained in the Commentary for Article 1.6.7(B), the reduction 
factor 0.8 in Eq. 4.2 for shrinkage loss is based on a concrete age of 7 
days at stressing. However, ~se of other reduction factors in Eq. 4.2 is . 
permitted and a shrinkage-time curve is given for this purpose (See Fig. 
4·.2). This curve corresponds roughly· to the C.E.B. shrinkage-time curve 
for a theoretical thickness, d
m
, equal to 10 cm. 
Eq. 4.4 for relaxation loss is based on an initial stress of 0.7 fpu 
(i.e., 189 ksi for 270 ksi strands) at the section under consideration 
immediately after transfer of prestress and the term 0.3 6FR is included 
- . 
to take into account cases where the initial steel stress falls below 
this level. For initial stresses above 0.7 fpy' an increase in the 
relaxation loss is recommended in the Commentary for Article 1.6.7(B); 
however, no specific procedure for doing so is given. 
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In lieu of the preceding provisions of Section 1.6.7(8)(1), the 
1975 Interim Specifications also recommended lump-sum losses for 
prestressed members ~f usual design based on the use of normal weight 
concrete, normal prestress levels, and average exposure conditions. 
The total long-term lump-sum loss values for post-tensioned members are 
estimated as 32,000 psi for f' between 3,500 and 4,500 psi and 33,000 psi 
c 
for f' between 4,500 and 5,500 psi. For special structures; a more exact 
c . . 
approach for loss calculation is recommended under the provisions of the 
footnote for Article 1.6.7(8)(1) on page 41 of the 1975 Interim Specifi-
cations. 
The PCI Committee on Prestress Losses (1975) has recommended two 
optional methods for estimating long-term prestress losses (51). The 
first is a general method where losses are calculated as a function of 
time based on a step-wise approach which can be laborious unless a computer 
program is used. The second procedure, referred to as the Simplified 
Method, provides for ultimate loss calculations using recommended 
expressions referred to standard specified conditions with ~ome adjustments 
for variatiuns in the specified parameters. Only the second approach will 
be considered here. 
According to PCI 1975 Recommendations (Simplified Method), the long-
term prestress losses for post-tensioned members are estimated in the 
following way: 
where: 
6f = total estimated long-term prestress losses in psi, 
s 
(4.5) 
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~fps = total long-term prestress losses referred to standard 
specified conditions and estimated as follows (with the 
stipulation that f d < f . ) 
c s - Cl r 
For stress-relieved strands: 
6f = 29,300 + 5.1 f. - 9.5 f d ps Cl r c s 
And for low-relaxation strands: 
6fps ~ 12,500 + 7.0 f cir - 10.6 fcds 
(4.6) 
(4.7) 
Rdm = correction factor which accounts for variations in the 
theoretical thickness of the member (See Fig. 4.21), and 
~fsi = stress correction factor in psi to take into account initial 
prestress levels when different from 0.685 fpu ' 
~fsi = 0.41 (185 
~f . = 0.09 (185 
S1 
f .) for stress-relieved strands, and 
S1 
fsi ) for low-relaxation strands, where 
fsi = initial steel stress immediately after transfer of 
prestress. 
The standard conditions specified for 6fps are: 
(1) theoretical thickness, d
m 
= 10 cm (4.0 in.), 
(i) initial steel stress immediately after prestressing = 0.685 fpu 
(i.e., 185 ksi for 270 ksi strands), 
(3) concrete strength at transfer and at 28 days = 5,000 psi, 
(4) age at time of prestressing = 30 days,and 
(5) additional dead load applied 30 days after prestressing. 
The correction factors Rdm and ~fsi are intended to adjust for variations 
in items 1 and 2, respectively. Changes in item 3 as well as wide variations 
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in items 4 and 5 are assumed to produce negligible changes in the net 
prestress losses and hence no correction factors were recommended for 
changes in these parameters. 
4.2 Proposed Factors for Prestress Losses 
Keeping within the general format set forth by the AASHTO Specifications, 
a set of factors for estimating the long-term prestress losses is presented 
in this section. The same loss format of adding the three loss components 
due to shrinkage, creep, and relaxation is ·used to obtain the total long-
term prestress loss. However, the expressions related to each of the three 
loss compon~nts have been modified to include more variables in order to 
reflect more accurately the effects of the important parameters which affect 
prestress losses. The following expressions are recommended for use in 
Eq. 4.1. The values presented here cover both stress-relieved and low-
relaxation strands. All losses are in psi units. 
(a) Loss Due to Shrinkage of Concrete: 
where: 
-6 [ 100 RH 1 SH = 650 x 10 . Es Ksh ~16=7~~R~H (4.8) 
RH = average annual relative humidity in the field (in percent), 
Es = modulus of elasticity of the post-tensioning steel in 
psi units, and 
Ksh = shrinkage loss coefficient expressed as a product of 
two factors as follows: 
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Kdm = a factor which depends on the theoretical thickness, 
dm (in cm), of the member (See Fig. 4.1), 
dm Kdm = 1 - log (20) 
= 0.£ 
for 
for 
d < 50 cm , 
m~ 
d > 50 cm, 
m 
[ 
Esh(tl) J . 
Kt' = 1 - E
sh
(u1t.) ,a reduction factor which accounts for 
the shrinkage that takes place in the period between 
. the end of curing and stressing (See Fig. 4.2), where: 
t l = time in days between end of curing and transfer 
of prestress, 
Esh(t l) = shrinkage· strain which occurs in the period, tl, 
between end of curing and stressing, and 
Esh (u1t.) = total ultimate shrinkage strain measured from 
the time the concrete is allowed to dry. 
If the value of the theoretical thickness, d , lies between 20 and 
. m 
30 em, which is the normal range for most prestressed concrete bridge 
members, the factor Kt' can be computed using the following expression 
(See Fig. 4.3): 
Kt' = [1 - (t l/20d
m
)0.6] (4.9) 
Using an elastic modulus for the steel equal to 28x 106 psi, values of 
shrinkage loss according to Eq. 4.8 are given in Table 4.2 for different 
values of relative humidity, RH, theoretical thickness, d , and time, tl, 
m 
between end of curing an9 transfer of prestress. These values are also 
plotted in Fig. 4.4 for a value of t l equal to 21 days. In addition, the 
values of shrinkage loss, estimated according to different recommendations, 
are plotted as a function of relative humidity in Fig. 4.5 . 
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(b) Loss Due to Creep of Concrete: 
where: 
(4.10) 
= nondimensional section parameter pertaining to the section 
properties at the time of transfer, 
coefficient expressed as a product of four factors 
as follows: 
where: 
m = ratio of modulus of elasticity of concrete with 
,. 
a 28-days strength of 6000 psi to the corresponding 
value of elastic modulus for the concrete used, i.e., 
6000 psi 
f~(28) 
~ 
KRH = creep factor as a function of relative humidity, 
= 1 ( RH - 50 J 1 - .15 175 RH (See Fig. 4.6), 
Kto = creep factor as a function of type of cement and 
concrete age, to' in days at the time of 
prestressing (See Fig. 4.7), 
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Kto = [1 - t log (to/28)J for high early strength 
cement (type III), 
2 
= 1.5 [1 - "3 log (to/28)J for normal cement 
(type I), and 
Kdm = creep factor as a function of theoretical 
thickness (d
m 
in cm) (See Fig. 4.8), 
Kdm = [1 - 0.85 log (~~)J for .10 ~ dm ~ 30 em 
1 dm 
= "3 [2.70 - 0.85 log (2O)J for' dm > 30 cm 
f. = net concrete stress at the center of gravity of the Clr 
prestressing steel due to the prestressing force and' 
dead load at the critical section considered immediately 
after transfer of prestress, 
f = concrete stress at the level of the center of gravity cds 
of the pbst-tensioning steel due to all additional 
permanent loads applied after transfer of prestress, and 
fsr = 2~0(SH + 0.85 CRso )' a term which represents the 
reduction in creep loss due to the effects of shrinkage 
and relaxation, where: 
CRso = pure relaxation loss obtained from Eq. 2.0 
for a period of 3600 days, 
5 f . 
CRso = c fsi (fSl - 0.55) 
py 
where: 
(4.11) 
fsi = initial steel stress immediately after transfer, 
fpy = yield stress of prestressing steel, defined as 
the steel stress at an offset strain of 0.001, 
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c = material constant depending on type 
of strand used, 
= 10 for stress-relieved strands, 
= 45 for low-relaxation strands, and 
= 00 for 
f . 
51 
fpy 
< 0.55 or when 
relaxation is neglected, 
(c) Loss Due to Steel Relaxation: 
,-/ 
CR ' = CR - ~ (SH + CR ) 
s so c c 
For concretes older than about two weeks at the time of 
(4.12) 
prestressing, the relaxation loss for both stress-relieved and 
low-relaxation strands can be estimated, to a slightly lesser 
degree of accuracy, by the following (See Fig. 4.13). 
(4.13) 
Table 4.1 gives a summary of the set of factors for the estimation 
of long-term prestress losses in composite and noncomposite post-tensioned 
bridge members according to the 1975 PCI Recommendations, the 1975 AASHTO 
Interim Specifications, and the Proposed Values presented in this section. 
4.3 Discussion of Proposed Factors for Prestress Losses 
In this section, the reasons for adopting the expressions related 
to each of the three loss components will be presented and discussed. 
These loss factors are based on the study of a wide variety of cases 
covering wide variations in the different parameters which affect the 
long-term prestress losses. 
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The proposed shrinkage loss value (Eq. 4.8) was obtained by matching 
quite closely the value given by the C.E.B. recommendations, as can be 
seen in Figs. 4.1 to 4.5. The val ues given in Table 4.2 also agree 
quite well with the corresponding C.E.B. values. The main parameters 
involved are the relative humidity, RH,'the theoretical thickness, d , 
m 
of the member, and the time, t', between the end of curing and transfer. 
Relaxation losses change 'significantly with changes in either the 
effective initial steel stress or the yield stress of the prestressing 
strands. Hence, a general expression for relaxation must ihcorporate 
these factors asirnportant parameters affecting relaxation losses. 
In order to make. a fair estimate of relaxation losses, itis 
necessary to consider, in an approximate way, the'interrelationship 
between steel relaxation and other loss components. The higher the 
losses due to creep and shrinkage of the concrete, the lower will be 
the steel stress and the related relaxation loss. However, losses due 
to creep and shrinkage of the concrete occur continuously over an 
extended period of time and hence would be far less effective in 
reducing relaxation losses than those due to a decrease in the effective 
initial steel stress or to an increase in the actual yield stress of the 
strands. This is clearly ob~erved when studying Tables '4.3 to 4.9. 
In Fig. 4.13, the total relaxation loss, CR , is plotted against 
s . 
the pure relaxation, CR
so
' expected at 3600 days in a constant strain 
test. It is seen from this figure that the relaxation loss, in most of 
the cases analyzed, is about 85 to 90 percent of the pure relaxation 
value. It is on the basis of this that Eq. 4.13 was recommended. This 
expression was also used when considering the effectiveness of relaxation 
in reducing the creep loss. 
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Plotting the total relaxation loss, CR , as a function of the sum 
s 
of creep and shrinkage losses, (SH + CR -), gave the straight-line 
c 
relationships shown in Fig. 4.14. The slopes of these lines are 
approximately 0.2 for stress~relieved strands and 0.04 for low-relaxation. 
strands. However, it should be pointed out that the relaxation loss 
values plotted along each line correspond to the same pure relaxation, 
CRso ' (i.e., the same initial and yield stresses). 
In Fig. 4.15 the difference, ~CR ,between the pure relaxation scs 
and theoretical relaxation loss values is plotted against the corresponding 
value of the sum of creep and shrinkage losses. This type of plot was 
included because it is more general since all cases can be presented in 
the same graph showing the full extent of the scatter in the data related 
to the effects of creep and shrinkage losses on the relaxation loss. 
Although this figure shows a seemingly large scatter, the effect on 
relaxation loss is less than 1 ksi (as seen from Fig. 4.16) and its 
effects on the total long-term losses is even smaller .. The cases giving 
the largest differences are those with a high yield stress (fpy = 260 ksi), 
or a high initial prestress level (jacking stress, f . = 216 ksi). SJ 
Therefore, the scatter could be reduced if the sum of creep and shrinkage 
losses is multiplied by the ratio of initial stress to yield stress. 
However, it was felt that'this refinement is unnecessary since it would 
unduly complicate the expression while producing very little improvement 
in the result. 
In order to present a general expression that incorporates the 
initial prestress value, the yield stress, and type of strand as 
important factors besides recognizing the interdependence between the 
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various loss components, it was deemed more appropriate to relate 
relaxation loss, CRs ' to pure relaxation, CRso ' rather than to specific 
values of initial and yield stresses with correction factors for values 
other than those specified. The form of Eq. 4.12 was chosen on the basis 
of this consideration. This form is particularlyco~venient for post-
tensioned members where the effective initial prestress level at! the end 
of the jacking operation may vary quite considerably at the different 
critical sections along the length of the bea~. In this way any type of 
prestressing strand could be inCluded 
tics can be expressed by Eq. 2.10. 
The propos~d relaxation loss value (Eq. 4.12) was based on the study 
of the slopes of the lines shown in Figs. 4.14 and 4.15 for beams post-
tensioned to different prestress levels with strands having different 
yield stresses. From a study of Fig. 4.15, it would seem that the mass 
of the data maybe better represented by a slightly more conservative 
expression as follows: 
= CR - 1.75 (SH + CR ) 
_ so c c (4.14) 
The -magnitude and rate of creep are signific~ntly influenced by the 
relative humidity of the environment, age of concrete at transfer of 
prestress, type of cement used, elastic modulus of the concrete at time 
of prestressing, and theoretical thickness of the structural member. 
The effects of these parameters on creep losses are considered through 
the creep loss coefficient, Kcr ' The variations of this factor, Kcr ' 
as a function of these parameters are given in Figs. 4.6 to 4.8. 
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These curves were obtained, for the different girders. considered, by 
studying the effects of varying one parameter at a time. The estimated 
value of the elastic modulus of the concrete at transfer, based on the 
specified minimum concrete strength and the permissible variations 
thereof, is important. However, the normal increase in the concrete 
modulus with time was found to produce only minor changes in the creep 
and total losses. For post-tensioned members stressed at an age 
than about 10 days~ the difference in the creep coefficient for steam 
cured and moist cured conditions is quite negligible (less than 4 percent) 
as indicated by the 1970 C.E.B. recommendations (See Fig. 2.2). Hence, 
no distinction in the creep loss coefficient, K ,was made between these 
cr 
two curing conditions. 
In Fig. 4.9 .the prestress loss due to creep of the concrete is 
plotted as a function of the initial concrete st~ess, f
cir '· multiplied 
by ~he factor, Kcr/(l + so). The points plotted along each line 
correspond to variations in fcir due only to chang~s in the number of 
strands. The term (1 + s ) is due ,to the effects of e 1 as tic recovery 
. . 0 
as explaine9 in Appendix B, Section B.4. The term K 1(1 + s ) attempts cr 0 
to relate to the same base, the creep loss at the dtfferent critical 
sections in girders with different creep coefficients and cross-sectional 
parameters. If this term was not included, the relationships would still 
be linear, but the slopes of the lines would be significantly different 
for the different cross-section girders with different creep coefficients 
and may even vary for the different critical sections within the same 
beam. 
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It can be seen from Fig. 4.9 that the greater the concrete stress, 
fcir ' the greater the creep loss. Also, the slopes of lines corresponding 
to critical sections at the negative moment regions in composite beams· 
(shored composite construction) are somewhat higher than the slopes for 
the other cases. This is to be expected since these are the sections 
where the effects of composite action would be felt the most. For the 
same initial conditions, the creep loss, CR , as' well as the total long-
c 
term loss, 6fs' at these sections are consistently higher than the 
corresponditig values for noncomposite from 
Table 4.5. 
The cases plotted in Fig. 4.9 refer to girderspost-tens~6n~d using 
stress-reliev~d strands. Linear relationships with similar slopes were 
also obtained for the case of low-relaxation strands. 
Plotting the creep loss, CR , versus the sum of shrinkage and 
c 
relaxation losses, (SH + CR ), gave the linear rel~tionships shown in 
. s 
Fig. 4.10 for the different cross-section girders considered. However, 
the points plotted alorig each line correspond to the same values of fcir ' 
Kcr " and ~o' It can .be seen from this figure that,forthe same fcir~ 
the creep loss' increases as the losses due to shrinkage and relaxation 
decrease. This can a1s6 be observed in tables 4.3 to 4.10, especially 
when the creep loss values for the cases with stress-relieved strands 
are compared with the corresponding values for low-relaxation strands. 
The term 6f
sr
' in the proposed expression for the creep loss (Eq.4.l0), 
was introduced to take into account this interdependence. 
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The quantity fcds .represents the change in concrete stress at the 
c.g.s. due to additional perman~nt loads applied after prestressing. 
Usually, the application of load causes a stress 0eduction in the concrete 
at the c.g.s., thereby reducing the loss due to creep of the concrete; 
hence the negative sign in .Eq. 4.10. 
·Plotting the total prestress losses versus the concrete stress change K . . 
fcds (modified by the factor 1 +c~ ) gave the linear relationships shown' 
a 
in Fig. 4.11~ The points plotted along each line correspond to the same· 
initial conditions. 
In Fig. 4.12 the differehce, ~CRcds' between the creep loss with 
fcds = 0 and the corresponding value with an additional load applied 60 . 
Kcr days.~fter transfer, is plotted against the term (1 + so) f cds' This 
plot is more general and shows the scatter more clearly. 
By studying the effect of time of application of an additional 
composite or noncomposite dead load after transfer, it can be seen that 
the earlier the placement of this load, the smaller the creep and the 
total prestress losses. However, it can also be seen that, as far as 
prestress losses are concern~d, time of placement is not ~ significa~t 
variable (See Tables 4.5 Ind 4.6). In this study, prestress losses 
were estimated assuming that any additional co~posite or noncomposite 
topping would be placed at about two months after transfer of prestress. 
The proposed expression for creep loss (Eq. 4.10) was based on the 
study of the slopes of curves similar to those shown in Figs. 4.9. to 
4. 12. 
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The proposed loss factors are capable of estimating~ with 
reasonab 1 e accuracy, the long ... term prestress losses in post- tens i ori"ed 
bri dge member's taki ng into account, in an approxima te way, the inter-
dependence between the various loss components. These loss factors 
also consider the effects of the relative humidity of the environment, 
the age of concrete at transfer, type of cement, member thickness, 
initial stresses, and type of prestressing strands. 'However,it is' 
necessary to emphasize that the proposed loss factors are based mainly 
on creep and shrinkage values computed according to the 1970 C.E.B. 
recommendations. Unfortunately, direct comparisons with actual brige 
girders under field exposure conditions were not possible sinte the 
data reported in the literature available is not suffici~nt, ~s m~ntioned 
before in Chapter 3. 
4.4 Comparison of Proposed Factors for Prestress Losses 
with Other Recommendations 
In this section, long-term prestress losses computed according 
. -
to the proposed loss factors, the 1975 AASHTO Interim Specifications, 
Sec. 1.6.7(B)(1), and the 1975 PCI Recommendations (Simpltfied Method) 
are compared with the theoretical values obtained from the method of 
analysis used in this investigation. 
The total long-term losses estimated according to each method 
are compared. with the theoretical values. In addition, the various 
loss components, when available, have also been compared, even though 
it is more meaningful to compare only the total prestress losses. 
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Values of total long-term prestress losses as well as values of the 
various loss components are shown in Tables 4.3 to 4.17. These values 
are also plotted in "Figs .. 4.16 to 4.23. Wide variations in the different 
parameters for noncomposite and composite beams (shored and unshored) 
have been considered for these comparisons. The parameters considered 
in the analysis include cr~ep and shrinkage characteristics for girder 
and deck concretes; initial stresses in concrete and steel, and type of 
prestressing strands. The effects of variations in the creep and 
shrinkage properties of concrete were considered by varying the age at 
transfer of prestress, relative humidity of the environment, theoretical 
thickness, and age of girder at time of casting deck concrete or placing 
of asphalt topping. The effects of initial stresses were considered by 
varying the initial stress at transfer, number of strands, cable profile, 
span length, number of spans, and cross sections of girder and deck. 
The total prestress losses estimated according to the proposed loss 
factors presented in Section 4.2 are compared with the total theoretical 
loss values in Tables 4.3 to 4.10 and plotted in Fig. 4.18 for both. 
stress relieved and low-relaxation strands. As seen from this figure, 
the agreement between the estimated and the theoretical values is 
generally quite good, with the differences being between ~5 percent. 
There is also good agreement when: the various loss components estimated 
according to the proposed procedure are compared with the corresponding 
theoretical loss values as seen from Tables 4.3 to 4.10 and Figs. 4.16 
and 4017. The differences in the creep loss component, especially those 
128 
corresponding to negative moment regions in composite beams, are somewhat 
larger than those in the other loss components and in the total loss 
values. This is to be expected since this is the component most sensitive 
to changes in the shrinkage and creep characteristics of both deck and 
girder concretes and in the concrete stresses with time. 
Considering the wide variety of cases analyzed, which covered a wide 
range in the main variables that affect the long-term prestress losses, 
the proposed loss factors seem to predict prestress losses in close 
agreement with the theoretical values obtained using the analytical 
procedure adopted in this investigation. 
Tables 4.11 to 4.13 show a comparison between the theoretical 
prestress losses and those obtained using the 1975 AASHTO Interim 
Specifications. These tables reveal that there are large differences 
between the estimated and the theoretical values, especially in the creep 
loss component (about twice the theoretical component) although the 
differences in the total. values a~e not as large as for the individual 
components. The esti~ated losses due to shrinkage of the concrete are 
in the right range for relative humidities between 50 and 80 percent and 
they are in reasonable agreement with the C.E.B. values, although they 
do not take into account the effect of member size. In Fig. 4.19 the 
total prestress losses were plotted against the theoretical values. It 
can be seen from this figure that the AASHTO values are too high for 
most cases .. In addition these total loss values were adjusted using a 
reduced creep component which takes into account the creep reduction 
factor corresponding to the age at loading as implied in the Commentary 
to Art. 1.6.7(B)(4) (See Fig. 4.2). These adjusted values were then 
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plotted against the theoretical values in Fig. 4.20. It can be observed 
that this adjustment reduces the scatter considerably although the 
differences are sti11 quite appreciable. However, it should be mentioned 
that the cases used for comparison were selected to show, as much as 
possible, the full extent of the scatter. Also, since the comparison 
refers only to the long-term prestress losses, the term due to elastic 
shortening in Eq. 4.4, used for estimating the relaxation loss component, 
was taken to be zero. For post-tensioned members, this loss, which is 
due to sequential post~tensioning, is only a fraction of the corresponding 
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(Simplified Method). These results are also plotted in Fig. 4.22. As 
can be seen from these comparisons, the results are quite good in many 
cases. However, the comparison becomes less favorable in the case of 
low-relaxation strands' and when variations in the relative humidity are 
considered. The differences become quite significant when the yield 
stress of the prestressing strands is higher than the specified 0.85 
f which is the actual case for almost all the 270 ksi strands used pu 
in practice. It is only fair, however, to mention that the cases used 
in the comparison were selected to show the full extent of the scatter. 
Although the 1975 PCI recommendations for post-tensioned members 
cover both stress-relieved and low-relaxation strands, they provide only 
total long-term loss values and offer no information on the individual 
loss component. Factors such as the possible influence of humidity, 
especially variable humidity on creep and shrinkage, the effects of type 
of cement, elastic modul~s of the concrete, as well as the effect ofa 
yield stress other than the design value, are not considered. Hence, 
these recommendations do not allow the designer to take advantage of his 
knowledge about the actual properties of the materials to be used. 
It should be emphasized that only the approach referred to by the 
PCI Committe~ as the IISimplifi,ed Method" is used in the comparison. 
It is implied in the PCI Committee statement (51) that this Simplified 
Method is applicable only to buildings. However, the range of member 
sizes covered (theoretical thickness, dm = 5 to 20 cm) makes the method 
applicable to bridge members, especially since no distinction is made, 
even in t,he procedure referred to as the IIGeneral Method ll (5l), between 
the creep and shrinkage values for building members, which are usually 
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subjected to controlled heating and cooling, as opposed to bridge 
members which operate under variable environmental conditions. 
It is necessary to point out that the proposed loss factors are 
based on the analysis of bridge structures for a period of 3600 days 
(approx~mate1y 10 years) after transfer using the 1970 C.E.B. cr~ep 
values at 50 percent relative humidity and shrinkage values at 80 percent 
relative humidity. The ultimate theoretical values, used as the basis 
for comparison, are those obtained at 36~0 days. Any subsequent changes 
in prestress losses after this age are very small and unimportant. 
However, in the case of the extremely heavy section of the railroad 
bridge (theoretical thickness, d
m 
= 80 cm) a period of 10,000 days was 
used to attain a comparable rate of change in the creep and shrinkage 
characteristics of the concrete. 
All approximate methods for the estimation of prestress losses 
discussed here must be considered only as fairly simple approximations 
, of the trends of an. extremely complex interaction between the effects 
of creep and shrinkage of both girder and deck concretes, relaxation of 
the steel, and changes in the stresses caused by the application of" 
additional load after transfer such as that due to casting of the deck 
c~ncrete or placing of an asphalt topping. 
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5. CONCLUSIONS AND RECOMMENDATIONs 
Based on the results of the parametric study carried out in this 
investigation on the time-~ependent behavior of various post-tensioned 
bridge numbers, a number of conclusions and recommendations co~ld be 
made. These can be summarized as follows: 
1. Within the normal range of concrete stresses and prestress 
levels used i~ practice, the relaxation loss constitutes more 
than about 50 percent of the total long-term prestress losses 
when stress .. re 1 i eved s trandsa re used in members ·0 1 der than 
about two weeks at the time of prestressing. 
2. Prestress losses are significantly influenced by the type of 
3. 
prestressing strands, yield stress, and initial steel stress. 
Naturally, the losses are greater for the case of stress-
relieved strand~ than for low-relaxation strands under the 
same conditions. However, the reduction in relaxation loss 
iss 1 i ghtly offset by an increase in' creep loss when low-
relaxation strands are used. For girders stressed to the same 
prestress level using the same type of steel strands, the higher 
the yield stress, the lower the relaxation and total losses in 
spite of a small increase in the creep loss component. For the 
same type of steel strands exhibiting the same yield stress, 
the higher the initial prestressing, the greater the relaxation 
and total prestress losses. 
The net initial concrete stress, f . , at the c.g.s. is an Clr 
important factor in the estimation of prestress losses. 
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Increasing this initial stress, increases the creep and total 
prestress losses, but the relaxation loss is slightly reduced 
due to the interaction between the loss components. 
4. The effects of the concrete stress change, fcds ' at the c.g.s. 
(due to additional . permanent composite or noncomposite loads 
applied after prestressing) on the creep and total losses are 
significant. Since these loads usually cause a stress reduction 
at the c.g.s., both the creep and total losses decrease with the 
increase in the magnitudes of such loads. The effects on 
relaxation losses are not significant. 
5. Age of concrete at transfer of prestress obviously makes some 
difference in the time-dependent prestress losses. For younger 
concretes which have most of their potential creep and shrinkage 
still remaining, the creep, shrinkage and total losses would be 
larger while the relaxation loss is only slightly reduced through 
the interaction between loss components. After 2 or 3 years, 
the difference in total prestress losses between two ages at time 
of prestressing becomes constant. This age factor is less 
significant for post-tensioned than for pretensionedmembers. 
6. Time of placement of an additional permanent load after 
prestressing makes some difference in the creep and total 
prestress losses. The earlier the time of placement, the smaller 
the creep and total prestress losses while the effects on 
relaxation losses are negligible. Assuming that the placement 
of this additional l~ad takes place 2 or 3 months after transfer, 
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the long-term losses would be slightly larger than those 
computed assuming the additional load is always present and 
slightly smaller than those obtained assuming that the 10ad is 
applied after several years. Thus, as far as prestress losses 
are concerned, time of placement is not a significant variable. 
7. Environmental conditions, especially variable humidity and 
temperature in the field, have a significant influence on creep 
and shrinkage and hence on the time-dependent behavior of bridge 
members. The total long-term prestress losses increase :with the 
decrease in the relative humidity of the environment. Average 
values of total strains and total losses in bridge members 
located in the Midwest can be estimated using the 1970 C.E.B. 
recommendations assuming a relative humidity of 50 percent for 
creep and 80 percent for shrinkage. 
8. The total long-term prestress losses in composite and noncomposite 
beams are comparable. In addition~ large variations in creep 
and shrinkage characteristics of deck concrete produce only 
nominal changes in total long-term los~es .. Also, additional 
sustained composita and noncomposite loads a~plied afte~~transfer 
have about the same effect on prestress losses. Hence, the 
time-dependent effects of composite action on prestress losses 
are negligible. However, the effects on time-dependent camber 
and redistribution of moments and stresses with time are very 
significant. 
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9. The total long-term prestress losses in simply supported and 
continuous beams, both composite and noncomposite, are about 
the same; hence the effects of continuity on total prestress 
losses are of little importance and can be safely neglected. 
Therefore, for all practical purposes, long-term prestress 
-
losses can be estimated considering only noncomposite single-
span beams. 
10. For'unshored composite construction where ihe deck is cast 
, 
sometime after prestressing, creep characteristics of deck 
concrete do not affect the time-dependent behavior of the 
composite beam significantly. Hence, for practical purposes, 
any reasonable estimate of creep strains for deck concrete may 
be used in the analysis. However, in case of shored composite 
beams where the deck is post-tensioned together with the girder, 
the effects of deck creep are significant and comparable to 
those of deck shrinkage. 
11. The estimated values of modulus of elasticity of concrete at 
transfer and at time of major stress changes, based on the 
specified minimum concrete strength and the permissible 
variations thereof, are important. However, the normal increase 
with time in these estimated values produces only minor changes 
in the time-dependent behavior. 
12. For prestressed beams with continuous tendons, moment and stress 
redistributions with time are significantly affected by the 
creep and shrinkage of both girder and deck in case of composite 
construction and by the reduction in secondary moment due to 
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loss of prestress in case of noncomposite construction. 
13. Although the prestressing force remaining after the long-term 
losses have occurred should be estimated using a rational and 
fairly accurate procedure, it should be. remembered that it is 
the concrete stresses at the critical sections and not the 
steel stress that govern the design under service loads. These 
stresses are not necessarily very closely related in the case 
of continuous beams and especially so in the case of composite 
girders, as shown in Fig. 3.35. Hence, it may be more appropriate, 
in the future, to design such structures on the basis of strength 
criteria and only check the behavior under. service loads at 
specified locations. Prestress losses are but one aspect of the 
time-dependent behavior affected by the volume changes of 
concrete and stress relaxation of the steel. However, they 
acquire an added importance in the design process as long as the 
design is governed by some limiting concrete stresses in tension, 
though they are not that important insofar as· the actual behavior 
of prestressed members is concerned~ 
14 .. Since the problem of prestress losses is essentially on~ of 
serviceability rather than safety, the material properties 
assumed in the calculation of losses need not necess~rily be the 
same as those used in the strength part of the design, especially 
with respect to the estimated value of concrete modulus and the 
value of yield stress to be used in evaluating relaxation losses. 
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15. The results of long~term creep and shrinkage measurements on 
concrete subjected to both constant laboratory environment and 
to field exposure indicate that, while the shrinkage strains of 
outdoor specimens were much less than in the laboratory, the 
creep strains were comparable in spite of the large difference 
between the average relative humidity of the two env;·ronments 
(See Appendix A). This high creep in a relatively moist 
environment should be taken into account if the time-dependent 
behavior of concrete structures exposed to variable environments 
are to be properly predicted. However, more work is needed to 
define the variables and possible range of effects and additional 
tests under coritrolled cyclic conditions are required before all 
aspects of behavior under randomly variable conditions can be 
fully understood and final conclusions on the prediction of creep 
and shrinkage of concrete under field exposure conditions can 
be made. 
16. The probabilistic aspects are also worth mentioning. The material 
properties are random in nature and the environmental conditions 
which play an important role in creep and shrinkage are considerably 
random. Hence, statistical studies are needed in this area to 
allow realistic identification of the material parameters. 
Based on the results of this study, a set of factors for estimating 
the long-term prestress losses in post-tensioned concrete bridge girders 
was developed and presented in Chapter 4. The recommended procedure 
represents an improvement over similar approximate methods, because it 
reflects more accurately the effects of all the important parameters 
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which affect prestress losses. The proposed loss factors take into 
account the effects of the relative humidity of the environment, age of 
girder concrete at transfer of prestress and at time of placement of a 
composite or noncomposite topping, type of cement, concrete modulus, 
member size, net initial concrete stress, additional permanent loads 
applied after transfer, effective initial steel stress, and type of 
prestressing strands. The interdependence between the various loss 
components is also taken into account. 
For design purposes, the following set of loss factors is recommended 
for the estimation of long-term prestress losses in post-tensioned bridge 
members for both composite and noncomposite construction using either 
stress-relieved or low-relaxation strands: 
where: 
6f = SH + CR + CR s ' c s 
SH = prestress loss due to shrinkage of the concrete, 
-6 (lOO-RH) 
= 650 x 10 Es Ksh 167-RH 
where, Ksh = shrinkage loss toefficient expressed as a 
function' of the theoretical thickne:ss of the member and 
the time between end of curing and transfer of prestress 
(See Figs. 4.1 to 4.3), 
CR = prestress loss due to creep of the concrete, 
c 
where, So = a nondimensional section parameter pertaining 
to the section properties at the time of 
prestressing (See Section 4.2), 
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K = creep loss coefficient expressed as a function cr 
of relative humidity, time of prestressing, 
type of cement, 28-day concrete strength, and 
theoreti ca l' thi ckness of the bri dge member 
.(See Figs. 4.6' to 4.8}, 
f cir = net concrete stress at the c.g.s. due to the 
prestressing force and dead load at the critical 
section considered immediately affer transfer of 
prestress, 
fcds = change in concrete stress at the c.g.s. due to 
all additional permanent loads applied after 
prestressing, and, 
6fsr = 2 ~o (SH + 0.85 CRso )' a term which represents 
the reduction in creep loss due to the effects 
of shrinkage and relakation, where: 
CRso = pure relaxation loss for a 
period,of about 10" years 
(See Section 4.2). 
CRs = prestress loss due tb stress relaxation of the strands, 
= CR - 1.75 (SH + CR ) 
so c c 
where, c = material constant which depends on the type 
of strand used, 
:0r, to a slightly lesser degree of accuracy (See Fig. 4.13), 
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6. SUMMARY 
The main objective of this investigation was to study and develop 
a better understanding of the long-term behavior of post-tensioned 
noncomposite and composite concrete girder bridges subjected to either 
field exposure conditions or to a constant environment. This was 
achieved by studying the single ~nd combined effects of each of the 
contributing factors on the time-dependent deformations for such 
structures. These factors included creep and shrinkage characteristics 
of the concrete and stress relaxation of the prestressing steel, as well 
as various other important environmental and construction factors, as 
discussed in Chapter 3. In- this parametric study, predicted unit creep 
and shrinkage strains versus time relationships were based mainly on the 
1970 C.E.B. recommendations and relaxation losses for stress-relieved 
strands were estimated using the expression developed by Magura, Sozen, 
and Siess. A similar expression was used for low-relaxation strands. 
Using these values, various bridge girders were analyzed for a period of 
3600 days (approximately 10 years) after transfer of prestress. Any 
subsequent changes, after this age, in the time-dependent deformations 
-and prestress losses are very small and unimportant. 
The scope of this investigation was divided into two parts: 
1., The analytical study of the main paramet~rs affecting the 
time-dependent behavior of post-tensioned girder bridges. 
2. The development of simple expressions for estimating the' 
long-term prestress losses in post-tensioned bridge members. 
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The analytical study included: 
1. The application of the revised rate of creep method (47) 
to predict the time-dependent stresses, strains 3 curvatures~ 
support moments, camber, and prestress losses in post-tensioned 
noncomposite and composite concrete bridge girders continuous 
over one, two, three or four spans. 
2. The development of a computer program for calculating the 
time-dependent deformations, stresses, and loss of prestress 
in simply" supported or continuous bridge girders. The program 
was based:on an iterative approach to the revised rate "of 
creep method using the assumptions outlined in Section 2.4. 
As described in Chapter 2, the program can handle noricomposite 
and two types of composite construction (shored and unshored) 
as well as the placement of an additional permanent (composite 
or noncomposite) topping applied any time after transfer.' 
In this procedure, time intervals do not have to be equal, 
allowing closer time intervals to be used at early ages when 
the rates of creep and shrinkage are high and during periods 
of time when significant changes in stresses are expected. 
Variations in span length, number of spans, loading, cable 
profile, elastic moduli, and any arbitrary values of creep 
" and shrinkage versus time for both girder and deck concretes 
can be considered in the analysis. 
3~ A study of the effects of variable environmental conditions 
on creep and shrinkage of concrete, as explained in Appendix A. 
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The main parameters affecting the time-dependent behavior considered 
in this study were: Relative humidity, age of girder concrete at transfer 
and at time of placing a composite or noncomposite topping, member size, 
creep and shrinkage characteristics of the concrete, initial stresses in 
the concrete, additional permanent loads applied after transfer, initial 
steel stress, and type of prestressing strands (stress-relieved or low-
relaxation strands). These parameters were considered in terms of their 
effects on prestress losses, camber, concrete stresses, and redistribution 
of moments in post-tensioned noncomposite and composite bridge girders. 
For purposes of analysis, it was assumed that the principle of 
superposition was applicable and that the single effects of each of the 
main parameters could be treated individually. Hence, the effects of 
variations in the different factors were studied separately by varying 
one parameter at a time, while meaningful values were assigned to all 
the other time-dependent variables that were kept unchanged. 
Based on this parametric study, a set of factors was recommended 
for estimating the long-term prestress losses in post-tensioned concrete 
bridge girders. These recommendations are based on the analysis of 
a wide variety of cases covering wide variations in the different 
parameters which affect the long-term prestress losses. The proposed 
loss factors cover both stress-relieved and low-relaxation strands and 
they are applicable to noncomposite as well as composite (both shored 
and unshored) construction, as discussed in Chapter 4 and summarized 
in Chapter 5. However, these factors do not apply to the cases where 
pretensioned and post-tensioned systems are combined, and they do not 
cover cantilever segmental construction. 
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Table 3.1 Effect of Tendon Friction and Slip at Anchorage on Long-term Behavior, 
125 ft Two-span 56 in.-I Beam (Composite Type A) 
Wobble Curvature 
Coefficient Coefficient 
k II 
Anchor 
Slip 
6. 
fsi f cir CRc CRs 
(a) Section at Midspan 
Ms FR 
Total 
Loss 
(per ft) (in.) (ksi) (psi) (psi) (p~J (psi) _ (psi)__~sil 
0.0005 
0.001 
0.0002 
0.0005 
0.0015 
0.0020 
0.15 
0.10 
0.15 
0.20 
0.25 
0.35 
0.20 
Shrinkage loss, SH 
o 
0.10 
0.20 
0.30 
0.50 
0.10 
0.10 
182.158 
182.158 
179.588 
176.409 
168.004 
178.365 
177 .660 
176.959 
176.260 
174.870 
1,347 
1,350 
1,313 
1,268 
1,158 
1,303 
1,294 
1,286 
1,277 
1.259 
183.657 1,366 
181.438 1.340 
172.590 1,232 
168.328 1,180 
= 3,246 psi 
8,427 
8,426 
8,312 
8,167 
7,757 
8.242 
8,206 
8.169 
8.133 
8.060 
8.500 
8,391 
7.946 
7,721 
19.589 
19.590 
18.380 
16.920 
13,257 
17 ,819 
17 .497 
17.177 
16,861 
16,239 
20.303 
19,250 
15,233 
13,409 
Age of girder at transfer, to = 28 days 
Age of deck at transfer. todc = 14 days 
Jacking stress, fsj = 0.7 fpu = 189 ksi 
Yield stress, fpy = 0.85 fpu = 229.5 ksi 
No. of prestressing strands = 42 (stress-relieved strands) 
31,262 
31,262 
29,938 
28,333 
24,260 
29,307 
28,949 
28,592 
28,240 
27,545 
32,049 
30,887 
26,425 
24,376 
6,842 
6,842 
9,412 
12,591 
20,996 
10.635 
11,340 
12,041 
12,740 
14,130 
5.343 
7,562 
16,410 
20.672 
38,104 
38,104 
39,350 
40,924 
45,256 
39,942 
40,289 
40,683 
40,980 
41,675 
37,392 
38.449 
42,835 
45.048 
Concrete Stress at 
Bottom -JOjJOf Gl rder Top of Deck 
f cb . f agt' . f ct .. 
(psi) (psi) (psi) 
Initial Final Imtia1 Final Initial Flnal 
1,455 
1,458 
1,414 
1,360 
1.229 
1,404 
1,393 
1,088 
1,088 
1,065 
1,037 
962 
1,056 
1,050 
1,383 - 1,043 
1,372 1,037 
1 ~351 1,024 
1,477 
1,447 
1,320 
1,258 
1,100 
1,082 
1.005 
966 
851 
850 
84B 
845 
831 
842 
841 
840 
838 
836 
854 
849 
831 
822 
952 
947 
951 
953 
952 
949 
947 
545 
544 
546 
549 
551 
543 
546 
544 
542 
540 
409 
410 
411 
414 
410 
408 
409 
412 
414 
Sign Convention: 
Deflection, 6. 
(in.) c 
I n1 tfaT FfnaJlratlo 
6ci 6cu 6.c/6.c1 
-0.485 -0.773 
-0.474 -0.754 
-'1.455 -0.720 
-0.432 -0.677 
-0.364 -0.545 
-0.447 ';'0.691 
-0.441 -0.678 
.-0.435 -0.665 
-0.429 -0.652 
-0.417 -0.626 
-0.489 -0.787 
-0.469 -0.742 
-0.401 -0.589 
-0.368 -0.513 
1.594 
1.591 
1.582 
1.567 
1.497 
-1.546 
1.537 
1.529 
1.520 
1.501 
1.609 
1.582 
1.469 
1.394 
Compression in concrete positive 
Downward deflection positive 
Sagging bending moment positive 
+==-
CO 
Wobble Curvature 
Coefficient Coefficient 
k II 
Anchor 
Slip 
6. 
fsi fcir' 
Table 3.1 (continued) 
(b) Section at Center Support 
Concre~e Stress at 
Total Bottom Top of Girder 
CRc CRs lIf s FR Loss f cb f cgt 
(psi) (psi) 
{Qer ftL~_ ____ _(ttl.) __ (k~j) (p~i) (psi) (psi) (psi) (psi) (psi) Initial Final _Initial Final 
0.0005 
0.001 
0.0002 
0.0005 
0.0015 
0.0020 
0.15 
0.10 
0.15 
0.20 
0.25 
0.35 
0.20 
o 
0.10 
0.20 
0.30 
0.50 
0.10 
0.10 
169.878 
161.953 
159.586 
157.254 
154.956 
150.460 
173.792 
167.396 
147 ~726 
138.776 
1,065 
1,063 
1,059 
1,054 
1,033 
996 
978 
960 
940 
907 
1,096 
1,044 
881 
806 
7,134 
7,130 
7,123 
7,111· 
7,056 
6,806 
6',708 
6,609 
6,510 
6,310 
14,172 
14,172 
14,173 
14,173 
14,178 
10,895 
9,965 
9,071 
8,212 
6.592 
7,282 15,884 
7,035' 13,118 
6,172 5,648 
5,728 2.768 
24,552 
24,548 
24,542 
24,530 
24,480 
20,947 
19,919 
18,926 
17 ,968 
16,148 
26,412 
23,399 
15,066 
11.742 
19,122 
27,047 
29,414 
31.746 
34.044 
38,540 
43,674 
43,670 
43,664 
43,652 
43,602 
47,994 
49,333 
50,672 
52,012 
54,688 
15,208 41,620 
21,604 45,003 
41 ,274 56,340 
50,224 61,966 
536 
544 
557 
577 
659 
585 
590 
596 
602 
614 
1,254. 
1,256 
1,260 
1,265 
1,292 
1,266 
1,268 
1,269 
1,271 
1,274 
521 1,250 
549 1.257 
642 1,282 
688 1,296 
1.128 
1.125 
l,J20 
1.112 
1.078 
1,046 
1,025 
1.004 
983 
943 
1.165 
1,103 
909 
820 
835 
834 
832 
828 
814 
783 
768 
753 
738 
709 
858 
819 
&87 
621 
Top of Deck 
fct 
(psi) 
Initial Final 
854 
851 
845 
837 
803 
784 
766 
749 
732 
698 
886 
833 
669 
593 
306 
305 
304 
303 
295 
281 
274 
267 
260 
245 
31-7 
299 
235 
202 
'Support Moment 
(kip~in.) 
Initial Final 
-5.307' -12,196 
-5.409 -12.274 
-5.600 -12,419 
-5.868 -12,625 ---' 
-J::::a 
-7,003 -13,497 1..0 
-6.076 -12.717 
-6,186 -12,785 
-6,295 -12,8.52 
-6,405 -12.920 . 
,-6.624 -13,056 
-5.047 -12,032 
-5.520 -12,341 
-7.055 -13,356 
-7.796 -13,849 
Table 3.2 Effect of Varying Different Parameters on Long-term Behavior, 
162 ft Two-span Noncomposite 78 in.-Box Girder 
Concrete stresses (psi) Deflection (in.) 
Location RH lR"cf! Strands Bottom Top 
of to tadd {Eercent} ----- fpy · fsj fSi, f . fcds llfs II . llcu . llcu-llci Remarks 
section Clr fcb fct Cl 
Shr. Creep Type No. 
{da:ts} {da:ts} {ksi} {ksi} {ksi} {Esi} {Esi} {ksi} Initial Final Initial Final Initial Final Change 
Midspan 28 80 50 SR 210 229.5 189 172.2 472 0 22.83 357 207 942 911 0.545 1.894 1.349 
240 641 24.25 574 370 960 923 0.387 1.462 1.075 
270 809 25.66 774 530 977 935 0.229 1.034 0.805 
270 192 174.9 833 27.02 802 545 980 0.206 0.985 0.779 
240 202.5 184.5 737 30.54 688 429 970 925 0.297 1.268 0.971 
216 196.8 833 37.37 802 484 980 926 '0.206' 1.086 0.880 
210 641 35.94 574 307 960 914 0.387 1.561 1.174 
Ul 
240 245 189 172.2 20.75 400 928 1.415 1.028 a 
260 17.75 426 923 1.374 0.987 
50 229.5 26.39 352 920 1.483 1.096 
80 80 22.56 389 922 1.117 .0.730 
60 50 23.17 381 923 1.289 0.902 
90 22.49 389 1.192 0.805 
28 200 182.2 834 30.44 833 574 835 791 0.045 0.498 0.453 Dead load = 7.20 k/ft 
727 29.42 679 430 958 915 0.294 1.246 0.952 " = 8.50 " 
620 28.40 524 285 1,082 1.039 0.544 1 .. 994 1.450 " = 9.80 " 
210 28.67 571 359 857 820 0.294 1.195 0.901 " = 7.63 " 
60 240 189 172.2 641 70 23.45 574 277 960 1,004 0.387 1.860 1.473 *2 in. - Asphalt 
139 22.58 184 1,086 2.262 1.875 4 " 
209 21.78 91 1,167 2.664 2.277 6 " 
2 139 22.32 158 1,104 2.384 1.937 4 " 
90 22.74 190 1,078 2.245 1.858 
LR 0 13.40 464 938 1.317 0.930 II " 
* 2 in. of asphalt produce an elastic deflection of 0.164 in. 
Table 3.2 (continued) 
Concrete stresses (psi) 
Location RH 12"!fi Strands Bottom Top Support [·loment 
of t tadd 
{eercentl f f sj f si f cir fcds Ms Remarks 
section 0 py fcb fct (kip-in. ) 
Shr. Creep Type No. 
(days) (days) (ks i) (ksi) (ksi) (psi)(esi)·(ksi) Initial Final Initial Final Initial Final Change 
Center 28 80 50 SR 210 229.5 189 152.5 211 0 12.04 1,491 1,601 -94 -269 -242,170 -246,860 -4,690 
support 240 374 " 13.48 1,412 1,~44 126 -90 -228,402 -234,063 -5,661 
270 536 II. 14.90 1,333 1,488 347 84 -214,634 -221,338 -6,704 
270 192 154.9 560 " 15.92 1,321 1,484 378 101 -212,663 -219,661 -6,998 
240 202.5 163.3 467 " 18.23 1,367 1,529 252 -28 -220,518 -227,393 -6,875 
240 216 174.2 560 " 23.40 1,321 1,517 378 29 -212,663 -220,785 -8,122 
210 374 " 21.94 1,412 1,578 126 -165 -228,375 -235,281 -6,906 
240 245 189 152.5 " 10.77 1,527 -54 -228,402 -233,413 -5,011 -..J c.n 
260 8.46 1,512 -23 -232,856 :-4,454 --' 
50 229.5 " 15.65 1,555 ··117 -234,640 -6,238 
80 80 " 12.55 " 1,545 -83 -235,430 -7,028 
60 50 " 12.76 1,543 -234,605 -6,203 
90 " 12.28 1,542 -79 -234,939 -6,537 
28 200 161.3 601 " 18.84 1,042 1,202 495 212 -166,866 -173,667 -6,801 Dead load = 7.20 k/ft 
460 " 17.43 1,351 1,508 248 -21 -218,042 -224,696 -6,654 " =8.50 " 
320 " 16.02 1,660 1,814 1 -255 -269,217 -275,722 -6,505 " = 9.80 
II 
210 382 " 16.92 1,228 1,362 181 -48 -198,309 :-203,956 -5,647 " = 7.63 " 
60 240 189 152.5 374 92 12.35 1,412 1,743 126 -241 -228,402 -267,383 -38,981 *2 in. - asphalt 
184 11.1B 1,943 -391 -300,772 -72,370 4 " 
275 10.06 2,143 -542 -334,162 -105,760 6 " 
184 11.10 2,005 -436 -300,382 -71 ,980 4 " 2 
90 ." " 11.32 1,902 -385 -301.,062 -72,660 
LR 0 8.30 1,488 -3 -232,090 -3 688 
* 2 in. of asphalt produce an elastic change of 33.46 kip-in. in the support moment. 
Tension stresses are negative.· 
Table 3.3 Effect of Varying Different Parameters on Long~term Behavior, 
125 ft Two-span 56 in.-I Beam (Composite Type A) and the Equivalent Noncomposite Beam 
(a) Section at Midspan 
RH If''.p Strands I.lI s 
Girder stresses (psi) Deck stresses (psi) Deflection (in.) 
Deck to t t (percent) f f. f. f. f (ksi) Bottom. f b Top. f t Bottom, fcdb Top, f dt odc add py sJ Sl C1r cds c c9 c Composite Noncomposite 
Shr. Creep Type No. Ini- F1nal Ini- Flnal Init. Final Init. Final 
(days) (days) (days) ~i) (ksjL (~siL(psi) (psi) ~~~ite ~~~~~~- tial ~~~ite ~~~~~:- tial ~:ite ~~~~:- (Composite Beam) 
Initial ____ _ 
5x60-312 28 
7.5xB4-656 
8x96-800 
8x96-1000 
7.5x84-656 
(I
g 
3) 
JI 
60 
11 
90 
28 
" 
60 
90 
14 
7 
14 
28 
50 
14 
2 
30 
60 
90 
* Additional load" 500 1b/ft 
80 
50 
80 
50 
" 
80 
50 
SR 
LR 
42 229.5 189 177 1,762 
1,286 
1,145 
36 
48 
54 
42 
36 
42 
48 
42 
" 
11 
245 
260 
245 
229.5 
202.5 189.6 
216 202.2 
11 177 
961 
962 
1,609 
1,933 
1,447 
1.609 
1,~86 
962 
1,286 
1,609 
216 
189 
202.2 " 
177 1,~86 
** Elastic deflection due to additional load" 0.375 in. 
30.50 30.03 1.844 1.414 1,381 
28.59 27.94 1,383 1,043 1,002 
". 27.84 27.15 1,217 903 861 
11 26.8226.101,001 714 '672 
26.81 
30.34 
32.05 
35.22 
42.41 
25.01 
21.95 
26.27 
29.58 
31. 19 
34.56 
41. 74 
24,32 
21.22 
30.80 30.09 
26.27 25.78 
27.21 
27.06 
26.87 
26.36 26.26 
26.31 25.45 
28.33 
28.55 
28.98 
27.1B 
27.70 
28.39 
28.81 
355* 25.44 24.87 
25.55 24.96 
25.71 25.12 
25.87 25.26 
14.60 
16.88 
19.10 
21.87 
16.08 
14.93 
13,98 
13.88 
16.03 
18.09 
20.99 
15.22 
13.87 
12.84 
998 
1,767 
2,151 
1,574 
1.767 
1,~83 
998 
1.383 
1 ,7~7 
1,383 
720 
1,360 
1,670 
1, 149 
1,247 
1,079 
1,139 
693 
1.304 
1,601 
1,102 
1,195 
1,051 
1,094 
1,016 974 
1,091 
1.079 
1,043 
1,037 1,031 
1,115 1,045 
1,026 
1,041 
1,071 
928 
976 
1,031 
1.055 
595 
874 
1,216 
1,549 
1,546 
1,227 
1,270 
1,296 
579 
576 
574 
572 
841 
1,168 
1,486 
1,483 
1,179 
1.201 
1,216 
(1) Edsh/Egsh = 0.5 (2) 11 11 = 1. 0 
(3) 11 "" 2.0 
882 
840 
813 
777 
796 
884 
928 
862 
884 
840 
796 
840 
884 
840 
934 
950 
943 
930 
925 
975 
999 
955 
958 
956 
966 
958 
1,039 
969 
797 
T ,085 
860 
934 
1,083 
563 
694 
888 
1,022 
1,218 
1,212 
1,206 
1,202 
948 
976 
1,003 
1,004 
978 
1,067 
1,115 
827 624 
774 '594 
748 576 
715 550 
742 
804 
834 
780 
786 
782 
789 
768 
774 
779 
775 
971 
970 
11 
765 
800 
834 
833 
802 
804 
806 
563 
625 
656 
610 
625 
594 
11 
563 
594 
625 
" 
594 
" 
(4) Edcr/E9cr = 0.5 (5) 11 u = 1.0 
(6) 11 II. = 2.0 
(7) 11 = 3.0 
406 
413 
410 
404 
402 
423 
433 
414' 
415 
416 
420 
401 
352 
400 
531 
321 
476 
424 
319 
732 
614 
458 
364 
537 
538 
540 
541 
413 
425 
436 
437 
426 
363 
331 
563 
543 
535 
527 
544 
542 
540 
542 
542 
543 
544 
543 
542 
11 
543 
543 
Fi na 1 Change Fi na 1 Change 
389 -0.680 -1.287 -0.607 -1.376 -0.696 
411' -0.435 -0.665 -0.230 -0.835 -0.400 
416 -0.355 -0.455 -0.100 -0.648 -0.293 
421 -0.252 -0.182 0.070 -0.401 -0.149 
417 
404 
397 
406 
402 
411 
413 
401 
354 
398 
509 
324 
469 
421 
325 
664 
517 
450 
366 
579 
581 
584 
585 
419 
413 
406 
407 
413 
356 
327 
-0.226 
-0.645 
-0.853 
-0.540 
-0.645 
-0.435 
" 
-0.226 
-0.435 
-0.645 
-0.435 
-0.147 
-1. 178 
-1. 686 
-0.876 
-1.078 
-'0.697 
-0.751 
0.079 
-0.533 
-0.833 
-0.336 
-0.433 
-0.262 
-0.316 
-0.344 -0.118 
-1. 321 -0.676 
-1.802 -0.949 
-1. 034 -0.494 
-1. 226 
-0.878 
-0.581 
-0'.443 
-0.915 -0.480 
-0.622 -0.187 -0.816 -0.381 
-0.573 -0.138 -0.697 -0.262 
-0.477 -0.042 
-0.535 -0.100 
-0.597 -0.162 
-0.727 -0.292 -0.755 -0.320 
-0.476 -0.041 -0.720 -0.285 
-0.766 -0.331 
-0.693 -0.258 
-0.548 -0.113 
-0.955 -0.520 
-0.868 -0.433 
-0.720 -0.285 
-0.598 -0.163 
0.358 
0.251 
0.172 
0.113 
0.793 0.092 
0.686 -0.014 
0.607 -0.069 
o . 548 -0.111 
-0.284 -0.058 -0.474 
-0.821 -0.386 -0.982 
-1.351 -0.706 -1.485 
-1. 349 -0.705 -1.482 
-0.831 -0.396 -0.992 
-0.672 -0.237 -0.883 
-0.605 -0.170 -0.839 
0.527** 
0.421 
0.366 
0.324 
-0.248 
-0.547 
-0.840 
-0.837 . 
-0.557 
-0.448 
-0.404 
(.J1 
N 
Table 3.3 (continued) 
(b) Section at Cen,ter Support 
RH %" $ Strands ' b.f s 
Girder stresses (psi) Deck stresses (psH SuppOrt Moment (kip-in.) 
Deck t t t (percent) f f. f. f f (ksi) Bottom, fcb Top, f Cgt Bottom, fcdb 
o odc add py SJ Sl cir cds ,r . Final . Final Init. Final 
Shr. Creep Type No. Com- Noncom- ~1":" Com- Noncom- I~l- Com- Noncom-
Top, fcdt 
tnit. Final Initial 
Composite Noncompos i te 
(days) (days) (days) (ksi) ,(ksj) (ksiL (psi) ~il posite posite t1al posite posite, t1al posite posite (Composite Beam) 
5x60-312 
7.5x84-656 
8x96-800 
8x96-1000 
7.5x84-656 
m 
m 
m (7) 
II 
28 
" 
" ' 
60 
II 
90 
28 
60 
90 
14 
7 
14 
28 
50 
14 
2 
30 
60 
90 
* Additional load = 500 lb/ft 
80 
50 
80 
50 
80 
50 
SR 
LR 
" 
42 
36 
48 
54 
42 
36 
42 
48 
42 
.. 
229.5 189 157.31,439 
" 
245 
260 
229.5 
" 
245 
229.5 
.. 960 
202.5 168.5 
216 179.7 
189 157.3 
II 
840 
716 
737 
1,,183 
1.405 
1.072 
1,183 
960 
737 
960 
1,183 
216 
189 
179.7 /I 
157.3 960 
" 
** Elastic change in Support Moment due to additional load = -11,719 kip-in. 
o 21.08 20.22 
.. 18.93 18.06 
" 18.35 17.53 
/I 17.70 16.97 
17 .25 
20.57 
.. 22.17 
" 23.93 
" 29.38 
" 16.14 
/I 13.76 
16.87 
19.23 
20.37 
22.93 
28.26 
15.18 
12.73 
.. 21. 22 20.29 
.. 16.97 16.28 
II 17.73 
.. 17.62 
.. 17.43 
.. 16.76 16.59 
" 16.96 15,87 
18.53 
18.B6 
/I 19.50 
" 16.86 
/I 17.72 
" 18.70 
" 19.12 
217* 15.96 16.00 
/I 16.18 16.09 
" 16.41 16.21 
/I 16.59 16.30 
11.03 
13.06 
" 15.04 
/I 17.16 
.. 12.44 
/I 11.57 
10.82 
10.39 
11.85 
13.26 
15.41 
11.21 
10.11 
9.26 
·400 937 758 1,563 1,170 1,104 1,106 
596 1,269 986 1,004 753 702 71 0 
698 1,404 1 ;095 837 638 595· 606 
863 1,602 1,268 698 505 477 494 
844 
348 
100 
471 
348 
596 
844 
596 
348 
.. 
596 
1,428 
1,116 
, 967 
1,237 
1,211 
1,224 
1,185 
1,161 
815 
649 
950 
922 
936 
894 
1,320 1,019 
1,256 985 
1 ~472 
1,391 
1,288 
1,015 979 
1,454 975 
1,139 
1 ;246 
1,460 
. 616 
850 
1,172 
1,376 
2,143 1,808, 
2,140 1,810 
2,136 1,811 
2,134 1,812 
1.301 
1,128 
961 
960 
1, 117 
1,241 
1,298 
1,022 
829 
646 
654 
818 
807 
795 
725 
1,283 
1,562 
1,144 
1,283 
l,~04 
481 
1,019 
1,278 
837 
913 
803 
846 
721 
779 
786 
788 
781 
728 
806 
721 
750 
806 
580 
665 
743 
756 
321 
328 
335 
341 
725, 598 
1,004 883 
1,~83 1,1~1 
l,~04 894 
936 
962 
481 
918 
1,131 
767 
825 
748 
782 
671 
717 
716 
724 
384 
381 
380 
582 
815 
1,038 
1.040 
825 
838 
850 
513 
908 
1,105 
809 
908 
710 
710 
513 
710 
908 
710 
.. 
(1) Edsh/Egsh = 0.5 
(2) /I /I" 1.0 
(4) Egcr/Egcr" 0.5 
(5) " .. " 1.0 
(3) .. /I" 2.0 (6) II /I = 2.0 (7) .. = 3.0 
494 1,180 
304 749 
254 623 
196 477 
184 
421 
534' 
338 
369 
329 
350 
271 
317 
183 
229 
294 
480 
191 
396 
319 
166 
771 
594 
366 
240 
105 
102 
99 
95 
241 
367 
488 
489 
379 
291 
252 
501 
996 
1,244 
873 
997 
749 
.. 
501 
749 
996 
.. 
749 
Fi na 1 Change Fi na 1 Change 
489 -7,066 -11,528 -4,462 -8,281 -1,215 
267 -6.295 -12,852 -6,557 -7,957 -1,666 
198 -6,927 -13,961 -7,034 -8,708 -1,780 
119 -8,637 -16,057 -7,420 -10,523 -1,884 
121 
408 
545 
307 
343 
298 
324 
229 
280 
145 
191 
257 
452 
153 
365 
383 
119 
772 
574 
331 
202 
-12 
-17 
-22 
-27 
-10,017 -15,643 -5.626 -11,361 -1,347 
-2,573 -10,078 -7.505 -4,578 -2,018 
-1,149 -7,320 -8.469 -1.225 -2.379 
-4,427 -11.528 -7,101 -6,446 -2.023 
-2,558 -10,215 -7,657 -4,964 -2,404 
-6.295 -12.769 -6,474 -7,763 -1,472 
.. -12.697 -6.402 -7,597 -1,306 
-13,291 -6,996 -8,120 -1,829 
-13,036 -6,741 -8,242 -1,951 
-16.503 -10.208 
-15.216 -8.921 
-13,501 -7.206 
-8,758 -2,463 -8,098 -1.807 
-16,415 -10,120 -8,158 -1,867 
-10,551 
-12,463 
-16,286 
-1,191 
-5,519 
-11,227 
-14.583 
-4,256 
-6,168 
-9,991 
-5,104 
776 
-4,932 
-8,288 
-24,552 -18,257 -19,614 -13,323** 
-24,548 -18,253 -19,628 -13,330 
-24,531 -18,236 -19,623 -13,332 
-24.546 -18.251 -19,626 -13,335 
194 -10,017 -15,424 
347 -6,295 -12,623 
495 ~2,573 -9,844 
496 " -9.795 
354 -6.295 -12.603 
-5,407 
-6.328 
-7,271 
-7,222 
-6,308 
-10,841 -827 
-7,382 -1,091 
-3,912 -1,352 
-3,934 -1.374 
-7,338 -1,047 
269 .. -14,986 -8,691 -7,362 -1,071 
229 -16.178 -9,883 -7,339 -1,048 
U1 
W 
Table 3.4 Effect of Varying Different Parameters on Long-term Behavior, 
125 ft Two-span 56 in.-I Beam (Composite Type B) 
Girder stresses (psi) Deck stresses (psi)* 
Bottom Top Bottom Top Deflection (in.) 
Location RH ~"<I> Strands 
fcb f cgt ~ fcdt t..cdc ~ t.. - t.. of Deck to todc (!!ercent) fpy fsj fsi f cir fcds Ms Cu cdc section Just after Just after Just after Change since 
Shr. Creep Type No. Deck Final Deck Final Final Final Deck Final Casting 
(days) {days) (ksi) (ksi) (ksi) (!!si) ((!si) {ksi) Casting Casting Casting of Deck 
Midspan No Deck 28 80 50 SR 42 229.5 189 177 2,145 0 32.39 1,832 802 -2.185 -1. 083 
5x60-312 60 270 30.05 1.738 1,438 1,230 1,059 241 229 -0.965 -1. 325 -0.360 
** 30.30 1,452 1,253 -1.180 -0.215 
7.5x84-656 567 27.61 1,296 1,064 1.731 1,268 243 240 -0.435 -0.484 -0.049 
** 27.96 1,031 1,750 -0.059 0.376 
8x96-800 691 26.65 1,111 911 1,940 1,330 249 250 -0.215 -0.166 0.049 
** 26.99 855 1,940 0.410 0.625 
8x120-1000 " 864 25.32 854 708 2,232 1,426 247 255 0.093 0.281 0.188 
** 25.65 610 2,247 1.062 0.969 
7.5x84-400 346 29.24 1,626 1,326 1,357 1,044' 203 186 -0.830 -1.143 -0.313 
7.5x84-800 691 26.71 1,111 916 1,940 1,394 266 270 -0.215 -0.114 0.101 
7.5x84-656 567 26.89 1,480 1,086 1,722 1,121 315 314 -0.119 -0.288 -0.169 
30 27.31 ~ ,354 1.066 1.726 1.207 ,278 273 -0.295 -0.416 -0.121 
90 27.87 1,257 1,058 1,735 1,318 217 213 -0.537 -0.533 0.004 
(1) 60 27.40 1.296 1.049 1,731 1,178 303 296 -0.436 -0.570 -0.134 
(2) 28.04 1,092 1,447 123 127 -0.313 0.123 
(3) 27.49 1,055 1,186 295 286 -0.535 -0.099 
(4) 27.76 1,069 1,380 . '177 178 -0.407 0.029 
(5) 23.44 1,341 1,164 1,724 1,492 107 107 -0.217 -0.197 0.020 
(6) 35.23 1,208 878 1,741 939 451 438 -0.855 -1.030 -0.175 
8x96-BOO LR 691 14.71 1,261 1,096 1,942 1,349 257 251 -0.318 -0.370 -0.052 
7.5xB4-656 567 15.86 1,447 1,250 1,733 1,268 251 240 -0.540 -0.693 -0.153 
90 16.22 1,415 1,244 1,736 1,335 224 213 -0.656 -0.745 -0.089 
(1) Edsh reduced by half 
* Initial stresses in deck = 0 (2) Edsh multiplied by two 
Initial stress at bottom of 9i rder, fcb = 2,445 psi (3) Edcr reduced by half 
Initial stress at top of girder, fC9t 768 psi (4) Edcr multiplied by two 
Initia 1 camber ill1l1edi ately after transfer, t..ci -1.102 in. (5) Egcr reduced by half 
** Deck as dead load on 1 y. (6) Egcr multiplied by tw~ 
--J 
U1 
-t:-
Table 3.4 (continued) 
Gi rder stresses (psi) Deck stresses (2si)* 
Bottom Top Bottom Top Support Moment 
Location RH '2"</1 Strands fcb f cgt · fcdb fcdt (kip-in. ) 
of Deck to todc 
(percent) 
fpy fsj f .. f cir fcds Ms 
.section S1 Just after Just after Just after Change since Shr. Creep Type No. Deck Final Deck Final Final Final Deck Final Casting 
(days) {da~s} {ksi) {ksi) {ksi) {psi 1 {psi) {ksi) Casting Casting Casting of Deck 
Center No Deck 28 80 50 SR 42 229.5 189 157.3 2,480 0 25.05 556 1,937 -12,147 -418 
support 5x60-312 60 650 19.50 1.174 1.093 1,593 1,198 295 299 -19,462 ':'15,062 4,400 
** " 19.84 1,294 1,245 -19,480 18 
7.5x84-656 " 1,370 15.15 2-,000 1,628 769 666 176 154 -27,518 -19,506 8.012 
** " 14.17 2,109 479 -27,552 -34 
8x96-800 1,670 13.61 2,345 1.834 425 474 151 118 -30,888 -21,385 9,503 
** " 
.. 11.83 2,450 158 -30,927 -39 
8x120-1000 2,088 11.51 2,825 2.138 -55 233 114 68 -35.575 -24.580 10,995 
** 8.60 2,924 ' -290 -35,622 -047 
7.5x84-4oo 835 18.04 1.384 1,119 1.388 1.019 237 240 -21,513 -13,555 7.958 
7.5x84-800 1,670 13.55 2,345 1.914 425 467 141 106, -30 ;888 -22,844 8,044 CJ1 CJ1 
7.5x84-656 1.370 14.19 2.000 1.472 769 764 228 197 -27,518 -16,842 10,676 
30 .. 14.63 1,557 683 213 191 -18.160 9,358 
90 .. 15.56 1,685 643 150 131 -20.488 7,030 
(1) 60 .. 14.87 2,000 1.505 769 542 259 242 '-27,518 -17,366 10.152 
(2) " 15.71 1.875 713 9 -22 -23.785 3,733 
(3) 15.19 1,519 677 235 209 -17 ,809 9,709 
(4) .. 15.04 1,770 635 110 93 -21.594 5,920 
(5) .. 11.14 1,985 1,894 832 707 42 23 -27,559 -24.210 3.349 
(6) " 22.42 2,030 1,236 646 545 391 367 -27,453 -12,175 15.278 
8x96-800 LR 1,670 7.24 2.256 1.703 597 621 194 175 -30,639 -20.593 10,046 
7.5x84-656 1,370 9.11 1,910 1.503 943 818 222 213 -27.266 -18.810 8.456 
90 9.71 1,926 1,561 894 797 193 185 -27.282 -19,809 7.473 
(1) e:dsh reduced by half 
*Initial stresses in deck = 0 (2) e:dsh multiplied by two 
Initial stress at bottom of girder, fcb == 250 psi (3) Edcr redLiced by half 
Initial stress at top of girder. f Cgt = 2,747 psi (4) Edcr multi p1 ied by two 
Initial support moment immediately after transfer = -11 ,729 kip-in. (5) E reduced by half gcr ' 
** Deck as dead load only. (6) e:gcr multiplied by two 
Table 3.5 Measured Yield Stress for 7-Wire Stress-relieved Strands 
Manufacturer Size Grade No. of 
Yield Stress fpy** (ksi) 
(No.) (i n. ) (ksi) Tests Max. Min. 
1 7/16 250 7 241 237· 
1 7/16 270 7 257 .246 
1 1/2 270 27 256 235* 
2 7/16 270 7 256 247 
* The only value less than 241 ksi in all the 27 samples tested in this group. 
** f at 0.001 offset strain. py 
Avg. 
238.7 
250.7 
246.3 
252.8 
<.Tl 
0) 
I 
Table 4.1 Summary of Loss Factors for the Estimation of Long~term 
Prestress Losses in Post~tensioned Bridge Members 
RecO/llllenda ti r;ln Type of Strand 
Shri IJkage Loss 
SH (psi) 
Proposed 
Loss Factors 
SR 
& 
LR 
-6 (100-RH) SH '" 650x10 Es Ksh 167-RH 
1975 PCI 
Recoomendati ons 
(Simplified Method) 
1975 AASHTO 
Interim 
Specifi cati ons 
SR 
LR 
SR (only) SH '" 0.8 (17,000 - 150 RH) 
A ee Ac ~(1 +--r-) ~o" Ac c 
t.f sr '" 2 ~o (SH + 0.85 CRso) 
5 f s' CR = - (,,1-- - 0 55) 
so C T py . 
C '" 10 for stress-relieved strands 
c '" 45 for low-relaxation strands 
t.FR '" 0.7 f pu - f s i 
SR = stress-rel ieved strands 
LR '" low-relaxation strands 
Creep Loss 
CR~ (psi) 
K 
CRc'" <r:fl-H8.5fcir-10fcds-Msr) 
o 
CRc = (12f
cir - 7fcds ) 
Relaxation Loss 
CRs (psi) 
CR =- CR -~(SH+CR) 
s so c c 
or CRs '" 0.9 CRso 
CRs '" 20,000 - O. 3t.FR 
- 0.2 (SH+CR
c
) 
Total Prestress Loss 
Ms. (ps 1) 
M s '" SH + CRc + CRs 
lIfs = Rdm {29.300 + 5.1fcir - 9.5fcds - 0.41(185-fsi )} 
Ms '" Rdm {12,500 + 7.0fcir - 10.6fcds - 0.09(185-fsi )} 
t.f s '" SH + CRc + CRs 
U1 
-....,J 
Table 4.2 Prestress Losses (in psi) due to Shrinkage of the Concrete, 
Computed According to the Proposed Shrinkage Loss Factor 
Table 4.3 Comparison of Theoretical and Estimated Long~term Prestress Losses, 
Proposed Loss Factors, 
120 ft One~spaniNoncompos;te AASHTO Type III Beam 
Location * t'''' * * RH ~".p Strands to todc tadd of Deck (~ercent) 
section Shr. Creep Type {da:is) (da:is) (da:is) (da:is) 
Mid- 8x96,. 800 28 21 28 80 50 SIt* 
span 
LR* 
* to :=. age of girder concrete at transfer 
t' :=. time between end of curi ng and transfer 
todc = time between casting of deck concrete and transfer 
tadd = time between transfer and application of additional load 
SR :=. stress relieved strands 
LR :=. low-relaxation strands 
NR :=. relaxation neglected 
** eccentri ci ty, e:=.O 
No. 
42 
48 
54 
1;;0 fpy fsj 
(ksi) {ksi) 
9·106499 229.5 189 
0.121713 
0.136927 
0.031444** II 
0.136927 250 
;229.5 216 
189 
SH-- CR~ 
c 
.----.~~ 
s 
·!si f cir fcds (~si) (~si ) (~si) 
(ksi) (~si ) (~si ) Proposed Theor. Proposed Theor. Proposed Theor. 
174.890 1,031 0 3,333 3,364 4,020 3,559 17,072 17,079 
l,55fJ 7,458 6,663 16,384 16,503 
2,084 10,688 9,672 15,738 15,980 
174.198 1,084 7,578 7,524 16,024 15,999 
174.890 2,084 11,777 10,882 10,056 10,795 
199.874 2,761 12,919 11,469 28,821 28,276 
174.890 2,084 13,562 12,656 3,370 3,558 
Ms 
{~si ) 
Proposed Theor. 
24,425 24,002 
27,175· 26,530 
29,759 29,016 
26,936 26,887 
25,166 25,041 
45,072 43,109 
U1 
20,265 19,578 1.0 
Table 4.4 
Type 
to of Deck 
Beam 
Comparison of Theoretical and Estimated Long-term Prestress Losses, Proposed Loss Factors, 
125 ft One-span 56 in.-I Beam (Composite Type A) . 
and the Equivalent Noncomposite Beam 
Section at Midspan 
sli eRc CRs tlfs 
t' todc tadd 
RH If"." Strands 
/;0 fpy fsj fsi f cir ' fcds (~ercent) (p!~ (psi} (psi) (psi) 
(da~s) (da~sl (da~s} {da~s} Shr. Creep Type No. (ksi) {ksi} (ksi) {[!si} ([!si} Proposed Theor. Proposed Theor. Proposed Theor. Proposed Theor. 
125 ft 7 .5x84 - 656 28 21 28 80 50 SR 36 0.069224 229.5 189 175.947 662 0 3,248 3,246 2,560 2,176 17 ,898 17,800 23,706 23.222 
single 42 0.080761 1,064 5,,094 4,623 17,391 17 ,404 25,733 25,272 span non-
composite 54 0.103835 1,867 9,996 9,320 16,411 16,590 29,655 29,156 
56 in.-l 42 0.080761 250 1,064 5,749 5,417 11,730 12,054 20,727 20,717 Beam, 
260 6,031 5,759 9,292 9,768 18,571 18,773 
, 229.5 202.5 188.514 1,264 5,788 5,153 23,775 23,504 32,811 31,903 
216 201.082 1,465 6,408 5,580 30,863 30,255 40,519 39,083 
14 14 189 175.947 1,064 3,540 3,528 6,067 6,248 17,139 17,027 26,746 26.803 
60 53 ' 60 2,799 2,750 4,019 3,478 17 ,696 17,730 24,5'14 23,958 
90 83 90 2,474 2,431 3,443 2.986 17,876 17,890 23,793 23,307 
28 21 28 LR 42 3,248 3,246 6,850 6,674 3,787 3,866 13,885 13,786 
NR 7,.352 7,260 0 0 10,600 10,506 
125 ft 7 .5x84 - 656 28 21 14 80 50 SR 36 0.069224 225.9 189 175.947 662 0 3,248 3,246 2,560 1,692 17 ,898 17 ,952 23,706 22,890 
Single 42 0.080761 1,064 5,094 4,165 17 ,391 17,499 25,733 24,910 span 
composite 54 0.103835 1,867 9,996 8,893 16,411 16,667 29,655 28.806 (Type A) 42 0.080761 250 1,064 5.749 4,962 11 ,730 12,131 20,727 20,339 56 in.-1 
Beam 260 6,031 5,302 9,292 9,844 18,571 18,392 
229.5 202.5 188.514 1,264 5,788 4,708 23,775 23,623 32,811 31,577 
216 201.082 1,465 6,408 5,131 30,863 30,380 40,519 38,757 
60 53 189 175.947 1,064 2,799 2,750 4,019 2,886 17 ,696 17,855 24,514 23,491 
60 28 4,019 3,052 17 ,696 17 ,820 24,514 23,622 
90 83 14 2,474 2,431 3,443 2,332 17 ,876 18,029 23,793 22,792 
28 21 14 LR 3,248 3,246 6,850 6,235 3,787 3,876 13,885 13,357 
NR 7,352 6,834 0 0 10,600 10,080 
0) 
0 
Table 4.5 Comparison of Theoretical and Estimated Long-term Prestress Losses, Proposed Loss Factors, 
125 ft Two-span 56 in,,-1 Beam (Composite Type A) 
and the Equivalent Noncomposite Beam 
(a) Sect"ion at Midspan 
Deck 
I * RH ~"cp Strands f f f 
to t todc tadd (percent) ____ 1;;0 f py f sj sic i r cds 
(days) (days) (days) (days) Shr. Creep Type No. (ksi) (k~i) (ksit (p~i)(ps;) 
5x60 - 312 28 21 14 80 50 SR 42 0.070305 
0.064677 
0.063028 
0.061293 
229.5 1B9 175.959 1;762 
1,286 
1,145 
961 
o 
7.5x84 - 656 
8x96 - BOO 
8x120 - 1000 
7 .5x84 - 656 
60 
90 
28 
60 
90 
53 
83 
21 
53 
83 
14 
2B 
50 
14 
14 
* Applies only to composite beam. 
30 
60 
90 
70 
50 
80 80' 
u 70 
" 40 
II 50 
" 36 0.055437 
II 48 0.073916 
II 54 
II 42 
LR 36 
II 42 
0.083156 
0.064677 
0.055437 
0.064677 
0,064677 
240 
250 
260 
962 
1,609 
1,933 
1,286 
229.5 202.5 189.599 1,447 
216 '202.238 1,609 
189 
250 
229.5 216 
189 
176.959 1,286 
962 
1,286 
202.238 1,609 
179.959 1,286 
355 
SH (psi) CRc (psi) CRs (psi) M s (psi) 
Pro- Theore- Pro- Theoretical Pro- Theoretlcal Pro- Theoretlcal 
posed ;~~ite ~~~~~:- posed ;~~i te ~~~~~:- posed ~:i te ~~~~~-posed' tical 
3,24~ 3;246 10,616 10,457 
7,324 8,169 
6,341 '7,260 
". 5,038' 6,011 
9,862 
7,338 
6,383 
5,098 
15,787 16,794 16,920 
17,445 17,177 17,355 
17 ,642 17 ,336 17 ,525 
17,90217,55817,757 
30,651 30,497 30,02B 
28,017 28,592 27,939 
27,231 27,842 27,154 
26,188 26,815 26,101 
5,279 6,000 5,302 17,854 17,568 17,721 26,381 26,813.26,269 
9,326 10,283 9,324 17,045.16,808 17,008 29,619 30,337 29,578 
4,370 4,354 
6,038 6,017 
3,246 3,246 
2,799 2,750 
2,474 2,431 
11,302 12,344 11,262 
7,611 8,494 7,650 
7,863 8,779 7,923 
8,095 9,eA2 8,174 
7,885 8,738 7,857 
8,387 9,232 8,305 
7,197 
7,008 
4,664 
5,720 
7,948 
5,748 
8,112 7,254 
8,025 7,128 
5,306 4,674 
6,491 5,775 
8,772 7,901 
6,984 
6,782 
6,537 
5,889 5,755 
4,9066,1835,071 
3,248 3,246 7,324 7,850 
8,111 
8,633 
7,059 
7,915· 
8,445 
16,650 16,457 16,677 
14,403 14,374 14,538 
11.74311,92312,074 
9,288 9.660 9,801 
23,951 23.238 23,456 
31,165 29,929 30,192 
17,246 17,007 17,190 
16,950 16.757 16.946 
17,977 17,717 17.857 
17,766 17,492 17,648 
17 ,320 17 .066 17 ,252 
17 ,850' 17,475 
17,528 
17,583 
31,200 32,047 31,185 
'25.262.26,114 25.434 
22,854 23,948 23,243 
20,631 21,948 21,221 
35,084 35,222 34,559 
42,800 42,407 41,743 
28.813 29,473 28,798 
29,996 30,799 30,091 
25,889 26,269 25,777 
26.734 27,229 26,669 
28,516 29,084 28,399 
26,397 27,207 
,27,060 
26,870 
17,717 17,754 26,356 26,259 
18,084 17,698 17,946 25,464 26,312 25,44~ 
17,44517,234 
17,188 
17 ,096 
17 ,392 
17,230 
17 ,118 
28,017 28,330 
28,545 
28,975 
28,697 
28,391 
28,809 
Remarks 
EdSh/Egsh '" 0.5 
.. II '" 1.0 
= 2.0 
EdcriEgcr = 1.0 
II .. = 2.0 
" = 3.0 
4,214 3,977 3,235 
4,382 3.626 
18,067 18,217 18,387 
17,918 18,092 
17,789 17 ,968 
17,716 17,893 
25,529 25,440 24,868 Add1. load'" 500 1b/ft 
25,546 24,964 
6,546 
8,789 
4,677 3,906 
4.894 4.118 
7,413 
9,769 
6,666 
8,882 
8,909 9.904 9,012 
10,896 11.992 10,963 
2.7992,7506,8898,2467,148 
2,474 2,431 5,876 7,588 6,399 
3,911 
3,812 
2,563 
6,814 
3,916 
, 3,975 
3,938 
3,865 
2,688 
6,730 
3,932 
'3,962 
3,967 
3,900 
2,721 
6,780 
3,972 
4,007 
25,712 25,120 
25,856 25.257 
13,705 14,597 13,879 
15,849 16,880 16,028 
14;720 15,838 14,979 
20,958 21,968 20,989 
13,604 14,928 13,870 
12~325 13,981 12,837 
CJ) 
--I 
Table 4.5 (continued) 
(b) Section at Center Support 
Deck 
SH (psi) CRC(psi) to t * t RH 1:"$ Strands I; f f . f f f ________ _ 
odc add ~ ____ 0 py SJ si cir cds Pro- Theore- Pro- Theoretical 
-(days) (days) (days) (daysLShr . Creep!!pe I~o. (ksi) (ksi) (ksi) (psi) (psi) posed tical posed ~:ite ~~~~~-
5x60 - 312 28 
7 .5x84 - 656 
8x96 - 800 
8x120-1000 
7 .5x84 - 656 
60 
90 
28 
60 
90 
21 
53 
83 
21 
53 
83 
14 
14 
28 
50 
14 
14 
* Applies only to composite beam. 
30 
60 
90 
80 50 
70 
50 
80 80 
II 70 
II 40 
II' 50 
SR 42 0.075295 
0.050085 
0.043491 
0.036658 
" 36 
" 48 
" 54 
" 42 
lR 36 
" 42 
0.042930 
0.057240 
0.064395 
0.050085 
0.042930 
0.050085 
0.050085 
229.5 189 
240 
250 
260 
157.254 1,439 
960 
840 
716 
737 
1, 183 
1,405 
960 
229.5 202.5 168.486 1,072 
216 179.719 1,183 
189 
250 
229.5 216 
189 
157.254 960 
737 
960 
179.719 1,183 
157.254 960 
217 
3,248 3,246 
4,370 4,354 
6,038 6,017 
3,248 3,246 
2,799 2,750 
2,474 2,431 
9,005 
6,155 
5,427 
9,083 
6,609 
5,942 
8,040 
5,551 
4,937 
4,665 5,191 4,293 
4,659 4,650 
7,630 8,517 
9,079 10,377 
6,333 6,916 
4,164 
6,904 
a,224 
5,807 
6,489 7,183 6,032 
.6,633 7,430 6,239 
6,631 7,110 5,840 
7,058 7,540 6,069 
6,055 
5,907 
3,920 
4,807 
6,679 
6,549 
6,459 
4,314 
5,265 
7,091 
4,828 5,747 
5,588 
5,343 
5,464 
5,332 
3,467 
4.,328 
5,992 
4,529 4,321 
4,120 5,144 3,7~4 
3,248 3,246 6,155 6,152 
2,799 
2,474 
2,750 
2,431 
6,526 
7,274 
5,168 . 
6,334 
6,851 
4,228 2,975 2,,981 
5,199 
6,780 
6,854 
8,290 
5,315 
4,534 
3,402 3,,226 
3,722 3,,403 
3,952 3,,536 
5,692 
7,784 
7,911 
9,766 
6,749 
6,300 
5,034 
6,536 
6,643 
7,939 
5,241 
4,686 
CRs (psi) fits (psi) 
Pro- Tfieorefica1 Pro- Theoretica 1 
os d Com Noncom- s d Com- Noncom-
p e ~:Lt~Josi_te po e posite posite 
8,180 
8,750 
8,896 
8,753 
9,071 
9,160 
8,933 
9,263 
9,345 
20,433 21,082 20,219 
18;153 18,926 18,060 
17 ,571 18,348 17 ,528 
9,048 9,262 9,431 16,961 17 ,699 16,970 
9,049 
a,455 
8,165 
6,357 
9,354 
8,803 
a,547 
6,834 
9,455 
9,079 
8,904 
7,015 
16,956 17,250 16,865 
19,333 20,566 19.229 
20,492 22,170 20,374 
15,938 16,996 16,068 
4,265 4,881 5,051 14,002 15,310 14,329 
2,334 3,080 3,240 12,215 13,756 12,725 
13,537 13,577 13,841 ·23,416 23,933 22,927 
18,884 18,596 18,943 29,190 29,382 28,258 
8,546 
8,242 
9,197 
9, 029 
8,645 
8,938 
8,743 
9,412 
9,269 
9,001 
9,105 9,235 
9,282 
9,334 
9,134 
8,946 
9,566 
9,440' 
9,200 
9,476 9,520 
9,312 9,388 9,645 
8,750 9,135 
9,083 
8,979 
9,304 
9,122 
9,019 
18,971 19,841 18,952 
20,187 21,219 20,294 
16.365 16,972 16.279 
17,075 17,780 17,014 
18,572 19,338 18,438 
16,732 17,732 
17 ,620 
17 ,427 
16,755 16,591 
15,906 16,963 15,870 
18,153 18,533 
18,855 
19,499 
17 ,718 
18,702 
19,116 
Remarks 
Edsh/Egsh = 0.5 
" II = 1.0 
II = 2.0 
Edc/Egcr = 1.0 
" "= 2.0 
" = 3.0 
9,135 9,735 9,773 16,611 15,956 16,000 Add1. load = 500 1b/ft 
9,536 9,620 
9,442 9,557 
9,393 9,521 
1, 987 2,090 
1,917 2,034 
932 1,100 
4,142 . 4,152 
2,002 2,072 
2,051 2,091 
2,112 
2,072 
1,138 
4,226 
2,121 
2,145 
16,184 16,092 
16,410 16,206 
16,591 16,303 
10,434 11 ,028 10,392 
11,945 13,063 11,854 
11,034 12,257 11,027 
15,650 17,164 15,411 
10,116 11 ,571 10,112 
9,059 10,822 9,262 
....... 
en 
N 
Table 4.6 
Location 
of Deck' to t' todc tadd 
section 
~days) (days) {days) 
Midspan No Deck 28 21 
5x60-312 60 
7.5x84-656 
8x96-800 
8x120-1000 
7.5x84-656 2 
30 
90 
* 
60 
No Deck 
5x60-312 60 
7.5x84-656 
8x96-800 
8x120-1000 
7.5x84-656 90 
Center No Deck 28 21 
<;upport 5x60-312 60 
7 .. 5x84-656 
8x96-800 
8x120-1000 
7.5x84-656 2 
30 
90 
* 60 
No Deck 
5x60-312 60 
7.5x84-656 
Bx96-800 
8x120-1000 
7.5x84-656 
* Deck as dead load only. 
Comparison of Theoretical and Estimated Long~term Prestress Losses, 
Proposed Loss Factors, 
125 ft Two-span 56 in.-I Beam (Composite Type B) 
RH ~,"cjJ Strands SH eRc CRs 
(Eercent} 1;0 fpy fsj fsi f cir fcds (Qsi) (~si) {[!si} 
Shr. Creep Type No. Proposed Theor. Proposed Theor. P~oposed Theor. (ks1) (ksi ) (k5i) (psi) (psi) 
80 50 SR 42 0.079144 229.5 189 176.959 2, ~,45 0 3,21~8 3,2~6 13,039 12,715 16,302 16,432 
270 II 10,706 9,900 16,769 16.905 
567 .11 8,138 6,932 17,282 17.434 
691 7,064 5,741 17,497 17,661 
864 5,570 4,115 17 ,796 17 ,963 
567 8,p8 5,490 17,282 18.153 
6,421 II 17 ,641 
7,316 17 ,311 
7,322 17 ,394 
lR 0 14,808 14,559 3,544 3,724 
270 12,475 11,705 3,648 3,800 
567 9,907 8,716 3,762 3,894 
691 8,833 7,528 3,810 3,932 
864 7,339 5,884 3,876 3,970 
567 9,907 9,103 3,762 3,868 
80 50 SR 42 0.128278 229.5 189 157.254 2,480 0 3,248 3,246 14,818 13,574 7,017 8,230 
II II 652 " " 9,424 7,212 8,096 9,042 
1,370 3,491 2,068 9,283 9,836 
1,670 1,010 207 9,779 10,158 
2,088 -2,440 -2,352 10,469 10,611 
1,370 3,494 -142 9,283 11,086 
II 1,199 
" 
10,181 
2,684 9,628 
920 10,000 
LR 0 16,308 15,481 1,493 1,836 
652 10,914 8,980 1,733 1,988 
1,370 4,981 3,721 1,997 2,139 
1,670 2,500 1,798 2,107 2,195 
2,088 -949 -736 2,260 2,271 
1,370 4,981 4,367 1,997 2,098 
Ms 
{ESn 
Proposed Theor. 
32,589 32,393 
30~723 30,051 
28,668 27,612 
27,812 26,648 
26,616 25,324 
28.~68 26,889 
27,308 
27,873 
27,962 ........ Q') 
W 
21,600 21,529 
19.371 18,751 
16,917 15,856 
15,891 14,706 
14,463 13,100 
16,917 16,217 
25,083 25,050 
20,768 19,500 
16,022 15,150 
14,037 13,611 
11,277 11,505 
16,022 14.,190 
" 14,626 15,558 
14,166 
21,049 20,563 
15,895 14,214 
10,226 9,106 
7,855 7,239 
4,559 4,781 
10,226 9,711 
Location 
of Deck 
section 
Mid- 7x72- 525 
span 
Center 
support 
Table 4.7 
to t' todC tadd 
Comparison of Theoretical and Estimated Long-term Prestress Losses, 
Proposed Loss Factors, 
106.5 ft Two-span 48 in.-I Beam (Composite Type A) 
SH CRc CRs RH %"4> Strands 
(~rcent} 1;0 fpy fsj fSi f cir fcd~ (psi) (psi) (psi) 
(dals} (dalS) (dalS) (da:r:s} Shr .. Creep Type No. {ksi} {ksi} (ksi) (~si) (~si ) Proposed Thl~or. Proposed Theor. Proposed Theor. 
28 21 14 80 50 SR 28 0.049300 229.5 189 176.610 1,050 0 3,452 3,,450 6,633 7,355 17 ,370 17,054 
32 0.056341 1,306 8.383 9,191 17,020 16.722 
36 0.063384 1,562 10,110 10,977 16,674 16.403 
40 0.070427 1,817 11.806 12,748 16,335 16.098 
28 0.049300 250 1,050 7,078 7,833 11,708 11.841 
260 7,270 7,998 9,271 9.593 _ 
229.5 202.5 189.225 1.178 7,144 -7,888 23,853 23,090 
216 201.840 1,305 7,591 8,363 31,042 29,749 
LR 28 229.5 189 176.610' 1,050 7,838 8,596 3,806 3,849 
SR 28 0.046753 229.5 189 157.660 889 0 3,452 3,450 6,091 6,481 8,889 9,183 
32 0.053432 1,105 7,635 8.40'9 8,580 8,9H) 
36 0.060111 1,321 9,160 10,291 8,275 8,649 
40 0.066791 1,538 10,673 12,127 7,972 8,402 
28 0.046753 250 889 6,428 7,063 4,381 4,982 
260 6,573 7,313 2,44 3,177 
229.5 202.5 168.922 997 6,432 6,910 13,737 13,717 
216 180.183 1,105 7.056 7.414 19.080 18,756 
LR 28 229.5 189 157.660 889 6,728 7,714 1,947 2,058 
llfs 
(psi) 
Proposed Theor. 
27.455 27,859 
28,855 29.363 
30.236 30,830 
31.593 32.296 
22.238 23.124 
19.993 21,041. 
34,449 34,428 
42,085 41.562 --I 
0'1 
15,096 15,895 -Po 
18.432 19.114 
19.667 20,769 
20,887 22,390 
22,098 23,979 
14,261 15,495 
12,465 13,940 
23,621 24,077 
29,588 29,620 
12,127 13,222 
Table 4.8 Comparison of Theoretica) and Estimated Long-term 
Prestress Losses, Proposed Loss Factors " 
162 ft One-span Noncomposite 78 in.-Box Girder 
CR sA CR Ms 
Locati on ~"", Strands e s 
to tl tadd 1;0 fpy fsj fsi f . feds of (~ercent) Clr (~si) {~si ) (~si) (Qsi) 
section Shr. Creep Type No. Proposed Theor. Proposed Theor. Proposed Theor. Proposed Theor. (da~s) (daxs) (da~s) (ksi) (ksi) (ksfl (2si) (2si ) 
Midspan 28 21 100 50 SR 336 0.083614 229.5 189 189 1,062 0 0 0 7,213 7,314 24,306 24,041 32,019 31,357 
80 2,985 2,988 6,994 6,955 23,853 23,568 33,832 33,511 
100 172.063 834 0 0 6,696 6,275 15,844 15,933 22,540 22,208 
90 1,686 1,717 6,289 6,060 15,588 15,694 23,563 23.471 
80 2,985 2,988 5,976 5.,904 15,391 15,535 24,352 24,427 
50 5,549 5,674 5,358 5,594 15,002 15,179 25,909 26,447 
80 90 2,985 2,988 .2,742 2,514 16,038 16,122 21,765 21,624 
80 3,806 3,591 15,825 15,933 22,616 22,512 0) 
CJ1 
60 53 80 50 II. 2,654 2,643 4,720 4,828 15~708 15,785 23,082 23,256 
90 83 2,387 2,362 4,052 4,217 15,895 15,943 22,334 22,522 
28 21 250 2,985 2,988 7.060 6,804 9.885 10,433 19,930 20,225 
260 7,526 7,182 7,515 8,240 18,026 18,410 
229.5 216 196. 6i~3 1,165 7,371 7,366 28,097 27,562 38,453 37,916 
300 0.074656 189 172.063 587 3,434 3,563 15,899 15,916 22,318 22,467 
318 0.079135 710 4,704 4,742 15,645 15,722 23,334 23,452 
60* 336 0.083614 834 292 1,770 1,935 16,232 16,190 20,987 21,113 
100 LR 189 1,062 0 0 0 11,831 10,622 5,218 5,311 17,050 15,933 
80 2,985 2,988 11,112 10,225 5,118 5,235 19,215 18,448 
172.063 834 8,714 8,070 3,300 3,440 14,997 14,498 
100 NR 189 . 1,062 0 0 13,008 11 ,567 0 0 13,008 11 ,567 
80 172.063 834 2,985 2,988 9,496 8,675 0 0 12,481 'f 1,663 
* Additional topping = 4 in. of asphalt 
Table 4·9 Comparison of Theoretical and Estimated Long-term Prestress Losses, 
Proposed Loss Factors, 
Two-span.Noncomposite Beams~ 78 in.~B6x Girder 
and 102 in. Through Type Girder 
Ms sA CRc CRs 
Location 
to t' tadd 
RH ~"cfJStrands 
/;0 fpy fsj fsi fcir fcds of {Eercent} (psi} (psi) {Esi} (psi} 
section Shr. Creep Type No. Proposed Theor. Proposed Theor. Proposed Theor. Proposed Theor. {da~s} (da~s} {da~s} {ksi} {ksi) {ksi} (psi} (psi) 
(a) 162 ft Two-span Noncomposite 78 in.-Box Girder 
Midspan 28 21 80 50 SR 210 0.042550 229.5 189 172.165 472 0 2,985 2,988 3,762. 3,979 15,882 15,858 22.629 22.825· 
240 0.048629 641 5,560 5.689 15.523 15.577 24,068 24,254 
270 0.054707 809 7,325 7,366 15.170 15,308 25.480 25,662 
240 0.048629 250 641 6,212 6,180 10,097 10,527 19.294 19,693 
229.5 216 196.759 833 6.389 6,674 28,361 27.713 37,735 37,373 
60 53 189 172.165 641 2.654 2,643 4,370 4,719 15.827 15,806 . 22,851 23,168 
90 83 2,387 2,362 3,740 4,;71 16,006 15,953 22,131 22.486 
28 21 60* 139 2,985 2,988 3,491 3,678 15,936 15,909 22.412 22,575 -' 
LR 6,917 3,376 3.497 13.571 13,400 0"'1 0 7,210 0"'1 
Center SR 210 0.046507 152.452 211 0 1,234 916 7,867 8,135 12.086 12,039 
support 240 0.053151 374 3,076 2,572 7,499 7,922 13.560 13,482 
270 0.059795 536 4,882 4,194 7,138 7,717 15.005 14,899 
240 0.053151 250 374 3,632 3,100 3,235 3,874 9.853 9,960 
229.5 216 174.231 560 4,146 3,456 16,796 16,956 23,927 23,400 
60 53 189 152.452 374 2,654 2,643 2,437 2,079 7,694 8,039 12,785. 12,761 
90 83 2,387 2,362 2,098 1,803 7,814 8,118 12,299 12,283 
28 21 60* 184 2,985 2,988 348 -77 8,044 8,267 11 ,377 11.178 
LR 0 3,984 3,553 1,626 1,758 8,595 8,297 
(b) 120 ft Two-span Noncomposite Railroad Bridge Girder 
Midspan. SR 574 0.051558 229.5 189 176.758 1,166 0 2,460 2,476 9,968 9,814 18,453 19.089 30,881 31,563 
LR 11,787 11 ,699 4,020 4,309 18,267 18,484 
Center SR 0.094194 154.878 1,173 9,603 9,526 8,000 9,110 20,063 21,112 
support LR· 11,189 11,151 1,706 2,041 15,355 15,668 
* Additional topping = 4 in. of asphalt 
Location 
of 
section 
Center of 
end, span 
Interior 
support 
Center of 
interior 
span 
Center of 
end span 
F'irst 
interior 
support 
Center of 
interior 
span 
Center 
support 
Table 4.10 Comparison of Theoretical and Estimated Long-term Prestress Losses, 
Proposed Loss Factors, 
Three- and Four-span Noncomposite 78 in.-Box Girders 
RH %"CP Strands 
to t' tadd (percent) ~o fpy fSj fsi f cir fcds 
SH 
(psi) 
(days) (daysj (days) Shr. Creep Type No. (ksi) (ksi) (ksi) (psi) (psi) Proposed Th,eor. 
28 21 80 50 
28 21 80 50 
:.. 
(a) Three-span Noncomposite 78 in.-Box'Girder 
SR 240 0.051641229.5 189 174.413 1,036 o 
202.5 186.871 1,139 
216 199.329 1,242 
LR '202.5 186.871 1,139 
SR 
LR 
SR 
LR 
SR 
LR 
SR 
LR 
SR 
LR 
SR 
LR 
240 
0.048628 
0.043485 
189 155.261 
202.5 166.351 
216 '177.441 
202.5 166.351 
189 137.015 
202.5 146.802 
216 156 .. 589 
202.5 146.802 
560 
647 
737 
647 
397 
465 
534 
465 
(b) Four-span Noncomposite 78 in.-BoxGirder 
0.050870 229.5 
0.049783 
0.045750 
0.045980 
189 173.384 831 
202.5 185.769 932 
216 198.153 1,033 
202.5 185.769 932 
189 
202.5 
216 
202.5 
189 
202.5 
216 
202.5 
189 
202.5 
216 
202.5 
154.135 
165.145 
176.154 
165.145 
136.022 
145.738 
155.454 
145.738 
120.381 
128.980 
137.578 
128.980 
518 
606 
695 
606 
495 
567 
638 
567 
224 
288 
355 
288 
o 
2,~85 2,9~ 
2,~85 2,988 
II 
CRc 
(psi) 
Proposed Theor. 
10,231 9,822 
10,699 10,354 
11 ,079 '10,817 
13,203 12,330 
5,447 5,098 
5,967 5,588 
6,408 ·6,019 
7,359 6,785 
4,305 
4,798 
5,258 
5,365 
4,582 
5,149 
5,686 
5,346 
7,756 7,585 
8,224 8,113 
8,606 8,578 
10,632 10,015 
4,927 
5~457 
5,933 
6,828 
5,538 
6,069 
6,540 
6,629 
2,433 
3,154 
3,698 
3,240 
4,542 
5,036 
5,466 
6,270 
5,515 
6,086 
6,618 
6,391 
2,370 
3,024 
3,513 
3,031 
CRs 
(psi) 
Proposed Theor. 
15,667 15,937 
21,954 21,780 
28,934 28,238 
4,767 4,913 
8,135 8,645 
12,752 13,062 
17 ,920 17 ,983 
2,772 2,921 
1,763 
5,024 
8,710 
1,091 
2,423· 
5,544 ' 
9,050 
1,260 
15,666 15,828 
21,857 21,641 
28,734 28,064 
4,750 4,858 
7',790 8,292 
12,315 12,636 
17 ,378 17 ,479 
2,676 2,821' 
1,200 
4,385 
7,995 
950 
o 
332 
2,066 
67 
2,051 
5,081 
8,505 
1,155 
o 
415 
2,649 
92 
Ms 
(psi) 
Proposed Theor. 
28,883 28,747 
35,638 35,122 
42,998 42,043 
20,955 20,231 
16,567 16,731 
21,704 21,638 
27,313 26,990 
13,116 12,694 
9,053 9,993 
12,808 13,681 
16,953 17,724 
9,441 9,594 
26,407 26,401 
33,066' 32,742 
40,324 39,630 
18.367 17,861 
15,70215,822 
20,757 20,660 
26,296 25,933 
12,489 12,079 
9,723 10,554 
13,439 14,155 
17,520 ,18,111 
10,564 10,534 
5,418 
6,471 
8,749 
6,292 
5,358 
6,427 
9,150 
6,111 
--' 
0) 
-......,J 
Location 
of section 
Midspan 
Center 
support 
Table 4.11 Comparison of Theoretiical and Estimated Long,...term Prestress Losses, 
1975 AASHTO I~terim Specifications, 
Two-span 56 in .... !.! Beam (Composite Type A) 
and the Equiv~lent Nonco~positeBeam 
~~ CR CR M 
RH Yo"rp 270 ksi ,c s s 
t t dd (percent) Strands f f . f. f. f d' (psi) (psi) (psi) ___ ~(p:.:S:.!.iL) __ -= __ _ 
o a py SJ S1 Cl r c s Tfieor. Tfieor. Theor. Theor. Theor.' Theor. 
Shr. Creep Type No. AASHTO ·Thear. AASHTO (Non- (Composite) AASHTO (Non- (Composite) AASHTO (Non- (Composite) 
(days) (days) I, composite) (Type A) composite) (Type A) _ composite) (Type A) 
28 
60 
90 
28 
60 
90 
28 
60 
60 
80 50 
70 
50 
80 90 
70 
50 
80 
80 
70 
50 
90 
80 
70 
50 
SR 36 229.5 189 176.959 962 0 3,000: 3,246 11 ,544 
42 1,286 15,432 
54 1,933 23,196 
42 250 1,286 15,432 
260 
36 
42 
54 
42 
229.5 202.5 189.599 1,447 'II I 17,364 
250 
260 
229.5 
189 
202.5 
189 
176.959 1,286 
157.254 737 
960 
1,405 
960 
168.486 1,072 
157.254 960 
3,900: 4,354 15,432 
5,700j 6,017 
3,000 3,246 
II i 
2,350 2,750 
2,000 2,431 
II ' 
355 3,000 3,246 12,947 
o 8,844 
11,520 
16,860 
11,520 
12,864 
3,900 4,354 11 ,520 
5,700 6,017 
3,000 3,246 
2,350 2,750 
2,000 2 ;431 
217 3 ,000 ~ ,246 10,001 
5,302 
7,338 
11 ,262 
7,923 
8,174 
7,857 
7,254 
7,128 
3,449 
4,674 
5,775 
5,755 
5,071 
3,906 
4,164 
5,551 
8,224 
6,032 
6,239 
5,840 
5,464 
5,332 
2,514 
3,467 
4,328 
4,321 
3,794 
3,403 
6,000 
8,169 
12,344 
8,779 
9,042 
8,738 
8,112 
8,025 
3,984 
5,306 
6,491 
6,782 
6,183 
4,677 
4,650 
6,609 
10,377 
7,183 
7,430 
7,110 
6,549 
6,459 
3,249 
4,314 
5,265 
5,588 
5,144 
3,722 
13,479 
12,701 
11,149 
12,701 
16.107 
12,521 
12,161 
12,701 
12,831 
12,901 
13,198 
8,107 
7,572 
6,504 
7,572 
10,673 
7,392 
7,032 
7,572 
7,702 
7,772 
7,876 
17,721 
17 ,355 
.16,677 
12,074 
9,801 
23,456 
17,568 
17,117 
16,457 
11,923 
9,660 
23,238 
17,190 17,007 
16,946 16,757 
18,092. 17,972 
17,857 
17 ,648 
17 ,754 
.17,946 
17.968 
9,455 
9,263 
8,904 
5,051 
3,240 
13,841 
9,143 
8,946 
9,706 
9,566 
9,440 
9,520 
9,645 
9,557 
17,717 
17,492 
17,528 
17 ,698 
17 ,789 
9,354 
,9,071 
8,547 
4,881 
3,080 
13,577 
8,938 
8,743 
9,572 
9,412 
9,269 
9,282 
9,388 
9,442 
28,023 
31,133 
37.345 
31.133 
31, 133 
36,471 
31,853 
33,293 
31.133 
30.613 
30,333 
29,145 
19,951 , 
22,092 
26,364 
22,092 
22,092 
26,537 
22,812 
24,252 
22,092 
21,572 
21,292 
20,877 
26,269 
27,939 
31,185 
23,243 
21,221 
34,559 
26,813 
28,592 
32,047 
23,948 
21,948 
35,222 
28,798 29,473 
30,091 '30,799 
24.787 25,203 
25,777 
26,669 
26,259 
25,448 
25,120 
16,865 
18,060 
20,374 
14,329 
12,725 
22,927 
18,952 
20,294 
15,466 
16,279 
17,014 
16,591 
15,870 
16,206 
, 26,269 
27,229 
27,060 
26,312 
25,712 
17 ,250 
18,926 
22,170 
15,310 
13,756 
23,933 
19,841 
21,219 
16,067 
16,972 
17,780 
17 ,620 
16,963 
16,410 
..-I 
0) 
CO 
Table 4.12 Comparison of Theoretical and Estimated Long~term Prestress Losses, 
1975 AASHTO Interim Specifications, 
Two-span! Composite Beams, 
56.in.-I (Type B) and 48 in .... I (Type A) 
SH CRc CRs lIfs 
Type Location to todc tadd 
RH • ~"cjJ 270 ks; f· fsj fs; f cir fcds Deck (percent) Strands (psi) (psi) (psi ) (psi) of beam of section py • 
(da~s) (dal:s) (da~s) Shr. Creep Type No. ( ksi)i {ksi} (ksi} (psi} (psi 1 AASHTO Theor. MSHTO Theor. AASHTO Theor. MSHTO . Theor. 
125 ft . Midspan No deck 28 80 50 SR 42 229.5; 189 176.959 2,145 0 3,000 3,246 25,740 12,715 10,640 16,432 39,380 32,393 
Two-Span 
23·,850 37 ;868 30,051 Composite 5x60 - 312 60 270 9,900 11 ,018 16,905 
(Type B) 
56 in.-1 7. 5x84- 656 567 21 ~771 6,932 11 ,434 17,434 36,205 27,612 
Beam 
8x96 - 800 . 691 20,903 5,741 11 ,607 17,661 35,510 26,648 
8x120 -1000 864 19,692 4,115 11,849 17,963 34,541 25,324 
Center No deck 157.254 2,480 0 29,760 13,574 3,924 8,230 36,684 25,050 
support 
33 ,184· 19,500 5x60 - 312 625 25,385 7,212 4,799 9,042 
.....I 
7 .5x84 - 656 1,370 20.170 2,068 5,842 9,836 29,012 15,150 0) 
\.0 
8x96 - 800 1,670 18,070 207 6,262 10,158 27,332 13,611 
8x120 - 1000 2,088 15,144-2,352 6,847 10,611 24,991 11 ,505 
106.5 ft Midspan 7x72 - 525 . 
Two-Span 
14 28 176.610 1,050 0 3,450 12,600 7,355 13,163 17,054 28,763 27,859 
Composite 250 7,833 11 ,841 23,124 (Type A) 
48 1n.-1 260 
Beam 
7,998 9,593 21,041 
229. 202.5 189.225 1,178 14,136 7,888 16,640 23,090 33,776 34,428 
Center 189 157.660 889 10,668 6,4Bl 7,864 9,183 21,532 19,114 
support 
250 7,053 4,982 15,495 
260 7,313 3,177 13,940 
229. 202.5 168.922 997 11,964 6,910 10,984 13,717 25,948 24,077 
I 
Table 4.13 Comparison of Theoretical and Estimated Long-~erm Prestress Losses, 
1975 AASHTO Interim Specifications, I 
One- and Two-span Noncomposite Beams,\ 
AASHTO Type III and 78 in.-Box Girderl 
i 
RH 1f"~ 270 ksi SH 1 CRc 
CRs Ms 
Type Location Deck to todc tadd {~ercent} Strands fpy . fSj f si f cir fcds (~Si~ (~si } (~si} (~si) of beam of section 
(dai:s } (da:ts ) (dai:s } Shr. Creep Type No. (ksi) (ks;) (ksi) (esi ) (esi) AASHTO [heor. AASHTO Theor. AASHTO Theor. AASHTO Theor. 
; 
120 ft Midspan 8x96 - 800 28 28 80 50 SR 54 229.5 189 174.198 1,084 3,000 [3,364 13,008 7,524 12,358 15,999 28,366 26,887 
Single Span I 
Noncompos i te 174.890 2,084 I 25;008 9,672 10,165 15,980 38,174 29,016 
AASHTO I 
Type III 250 I II 10,882 10,795 25~041 I 
Beam I 229.5 202.5 187.3822,422 
I 
29,064 10,595 13,102 21,774 45,166 35,733 
I 
162 ft 
I 
12,317 15,535 25,325 24,427 Midspan 336 189 . 172.063 834 1 2 ,988 10,008 5,904 
Single Span 
Noncompos i te 50 5,700 I " 5,594 11,777 15,179 27,485 26,447 
Box Girder I ....... 
80 90 3,000 1 2 ,988 2,514 12,317 16,122 25,325 21,624 ~ 
I 
0 
80 " 3,591 15,933 22,512 
50 250 I " 6,804 10,433 20,225 
260 I II 7,182 8,240 18,410 
229.5 202.5 184.353 1,000 i 12,000 6,691 15,606 21,247 30,606 30,926 
I 
I 
I 
162 ft Midspan 240 189 172.165 641 
I 
II 7,692 5,689 12,811 15,577 23,503 24,254 
Two-Span I Noncomposi te 250 .6,180 10,527 19,693 
Box Girder I 229.5 202.5 184.463 737 I " 8,844 6,225 16,270 21,330 28,114 30,543 
I 
Center 189 152.452 
\ 
374 4,488 2,572 7,538 7,922 15,026 13,482 
support 
250 
I 
3,100 3,874 9,960 
229.5 202.5 168.699 467 II 5,604 3,056 12,189 12,186 20,793 18,230 
\ 
I 
I 
I 
I 
I 
I 
I 
I 
! 
I 
I 
I 
I 
\ 
I , 
I 
I 
Table 4.14 Comparison of Theoretical and Estimat~d Long-term Prestress Losses, 
1975 PCICommittee Recommendations (Simplified Method), 
One-span Beams, AASHTOType III and 56' in.-I Girders 
(pe~~ent) If"<jl Strands f llT ' 
Type of Beam Location to tadd d Rdm fsj fsi fcir fcds llfps llfsi ' s {~si) of section m py 
{da~s} (da~s ) (cm) Shr. Creep Type No. (ksi) (ksi) (ksi) (psi) (psi) , (psi) (psi) PCI Theor. 
120 ft Midspan 28 21.5 0.9126 80 50 SR 54 229.5 189 174.198 1.084 0 34,828 4,429 27.743 26,887 
Single Span 
Noncomposite 174.890 2,084 39,928 4,145 '32.656 29,016 
AASHTO Type II I 
Beam 250 39,928, 4,145 32,656 25,041 
II 229.5 216 199.874 2,761 43,381 -6,098 45.155 43,109 
LR 189 174.890 2,084 27,088 910 23,890 19,578 
125 ft 'II ,24 0.8936 SR 36 175.947 662 32,676 3,712 25.883 2~,222 
Single Span '-I 
Noncomposite II 42 "'11 1,064 34.,726 27.715 25,272 
56 in.-I Beam 
II 54 1.867 38,822 31,374 29.156 
II 42 250 1,064 34,726 27.715 20,717 
260 34,726 27,715 18.773 
LR 229.5 '19,948 815 17,097 13,786 
125 ft SR 36 662 32,676 3,712 25,883 22,890 
Single Span 
Composite II 42 1,064 34,726 27,715 24.910 (Type A)'* 
II 56 in.":I Beam 54 1 ,867 38,822 31,374 28,806 
II 42 250 1,064 34,726 27,715 20,339 
260 34,726. 27,715 18,392 
u' II, LR 229.5 ,II 11.- II 19,948 815 17 ,097 13.357 
'* Deck 7.5 11 X 84 11 - 6561b/ft 
Type of Beam 
Table 4.15 Comparison of Theoretical and Estimated Long-term Prestress Losses, 
1975 PCI Committee Recommendations (Simplified Method), 
Two-span 56 in.-I Beam (Composite Type A) and the .Equivalent Noncomposite Beam 
(a) Section at Midspan 
. . RW-. !~"rp Strands _ _ Ms. 
Locatlon to t dd d Rd (percent) - T Y f s ' t~. f' r f d 6fp 6fs ,' (pSl) of section a m m P J ~ I Cl C 5 s Theor. Theor. 
(days) (days) (cm) Shr. Creep Type No. (ksi) (ksi) (ksi) (psi) (psi) {psiL __ LPsjL _ ~_~~_NoncQlllpJ)site __ C~mpJ)~i1EliT'yJ)~M 
125 ft Midspan' 
Two-Span 
28 24 80 50 0.8936 SR 36 229.5 189 176.959 962 o 34,206 3,297 
35,859 
27,621 
29,097 
32,046 
29,097 
26,269 
27,939 
31,185 
25,434 
26,813 
28,592 
32,047 
26,114 
23,948 
21,948 
42,407 
27,463 
29,473 
30,799 
25,203 
26,269 
27,229 
27,060 
26,312 
Noncomposite 
& Composite 
(Type A) * 
56 in.-I Beam 
60 
90 
29 
* Deck = 7.5" x 84" -656 1b/ft 
90 
70 
50 
80 90 
80 
70 
50 
42 
54 
42 
LR 36 
42 
54 
42 
1,286 
1,933 
240 1,286 
250 
260 
229~5 216 202.238 1,609 
189 176.959 1~286 
250 
260 
962 
1,286 
1,933 
1,286 
229.5 216 202.238 1 ,609 
39,158 
35,B59 
37,506 -7,068 
35,859 3,297 
19,234 
21,502 
26,031 
21,502 
724 
23,76~ -1,551 
39,831 
29,097 
16,541 
18,567 
22,615 
18,567 
18,567 
22,621 
23,243 
21,221 
41,743 
26,838 
28,798 
30,091 
24,787 
25,777 
26,669 
26,259 
25,448 
13,879 
16,028 
20,151 
14,979 
14,525 
20,989 
14,597 . 
. 16,880 
21,250 
15,838 
15,394 
21,968 
-..J 
'-I 
N 
Type of Beam 
125 ft 
Two-Span 
Noncomposite 
& Composite 
(Type A) 
56 ;n.-1 Beam 
\ Table 4.15 (continued) 
(b) Section at Center Support 
. RK - ~"<p Strands. .. Ms . 
Locatl?n to tadd dm' Rdm (percent) fpy fsj fsi fcir fcds ~fps ~fsi (pSl) of sectlon ' Theor. Theor. (days) (days) (em) Shr. Creep Type No.. (ksi) (k~i) (ksi) _ (psi) (psi) (psi) (psi) PCI Noncomposite Composite (Type A) 
Center 
support 
28 
60 
90 
28 
24 0.8936 80 50 
90 
70 
50 
80 90 
80 
70 
50 
SR 36 
42 
54 
42 
," 
LR 35 
42 
54 
42 
229.5 189 157.254 737 
240 
250 
260, 
960 
1,405 
960 
229.5 216 179.719 1,183 
250 
260 
189 157.254 960 
,,' 
737 
960 
1,405 
960 
229.5 216 179.719 J,183 
o 33,059 11 ,376 
34.196 
36,466 
34,196 
35,333 2,165 
34,196 11,376 
17,559 2~497 
19,220 
22,335 
19,220 
20,781 ·475 
19,376 
20,392 
22,420 
20,392 
29,639 
20,392 
13,549 
14,944 
17,727 
14,944 
18,145 
16,865 
18,060 
20,374 
16,068 
14,329 
12.725 
,28,258 
16,915 
18,952 
20,294 
15,466 
16,279 
17,014 
16,591 
15,870 
10,392 
11,854 
14,667 
11 ,027 
10,668 
15,411 
17 ,250 
18,926 
22,170 
16,996 
15,310 
13,756 
29,382 
17 ,752 
19,841 
21,219 
16,067 
16,972 
17,780 
17,620 
16,963 
11' ,028 
13,063 
16,963 
12,257 
11 ,914 
17,164 
....... 
"" W 
Table 4.16 Comparison of Theoretical and Estimated Long~term Prestress Losses ~I 
1975 PCI Committee Recommendations (Simplified Method)', 
Two-span Composite Beams, 
56 in.~I (Type B) and 48 in.-I (Type A) 
~ ~"rp Strands lIfs Location t tadd d Rdm {2ercentl fpy f sj f si f cir f cds Mps M. Type of Beam of section 0 m ---- Sl ---~-
{da~sl {da~sl (em) Shr. Creep Type No. (ksi) (ksi) {ks i) {psi) {psi) {psi) (psi) pel Theor. 
125 ft Midspan 28 24 0.8936 80 50 SR 42 229.5 189 176.959 2,145 0 40,240 3,297 33,012 32,393 
Two-Span 60 270 37,675 30,720 30,051 Composite 
(Type B)* 567 34,853 28,199 27,61:2 
56 in.-1 Beam 691 33,675 27,146 26,612 
864 32,032 25,677 25,324 
LR 0 24,653 724 23,941 21,529 
60 270 21,505 21,383 lB,751 
567 20,190 18,570 . 15,856 
691 18,357 17,395. 14,706 
Center SR 157.254 2,480 0 41,948 '11,376 27,319 25,050 
support 60 625 36,011 22,014 19,500 
--' 
1,370 28,933 15,689 15,1510 -......J . 
1,670 26,083 13,142 13,611 ..f::::> 
2,088' 22 ,112 9,594 11 I;nr:; 
LR 0 29,860 2,497 24,451 20,563 
60 625 22,949 18,276 14,2H 
I"~ 1 ,370 15,338 11,475 9,106 
1,670 12,158 8,633 7,239 
1 06. 5 ft Midspan SR 28 229.5 189 176-.610 l,050 0 34,655 3,440 27,894 27,859 
Two-Span 250 . " 23,124 Composite 
(Type A)** .. II " " 260 " 21,041 
48 in.-1 Beam 229.5 216 201.840 1,305 35,956 -6,904 38,300 41,562 
LR 189 176.610 1,050 19,850 755 17,063 15,895 
Center SR 157.660 889 33,834 11 ,209 20,217 19;114 
support 
" 
-II- 250 15,495 
260 13,940 
229.5 215 180.183 1,105 34,936 1,975 29,454 29,6210 
LR 189 157.660 889 18,723 2,461 14,532 13,222 
* Deck = 7.5" x 84" - 656 lb/ft 
** Deck = 7" x 72" - 525 lb/ft 
Table 4.17 Comparison of Theoretical and Estimated Long-term.Prestress Losses, 
1975 PCI . Committee Recommendations (Simp1ified:Method), 
One- and Two-span Noncomposite 78in.-Box Girders 
M 
'. RH %". Strands s 
Type of Beam Locatl?n \ tadd dm Rdm (percent) fpy fsj fsi f cir fcds Mps Msi (psi) 
. of sectlon 
162 ft 
Single Span 
Noncomposite 
Box Girder 
162 ft 
Two-Span 
Noncomposite 
Box Girder. 
Midspan 
Midspan 
Center 
support 
(c!a.ys) (dCiYS) (em) Shr' __ uCr_e-=~ Type N~'~siLl~sil (ksi) (psi) (psjJ_~ (psi) (psi) pcr Theor. 
28 30 0.848 90 50 
80 
50 
80 90 
80 
50 
SR 336 229.5 189 172.063 834 
LR 
SR 240 
LR 
SR 
II' 
LR 
250 
260 
229.5 2~6 196.643 ,1,165 
189 172.063 
172.165 
250 
229.5 216 196.759 
189 172.165 
834 
641 
833 
641 
152.452 374 
250 
229.5 216 174.231 
189 152.452 
560 
374 
o 33,553 5,304 
35,242 -4,774 
18,338 1,164 
32,569 5,262 
33,548 -4,821 
16,987 1,155 
31 ,207 13 ,345 
32,156 4,415 
15,118 2,929 
23,955 23,471 
24,427 
26,447 
21,624 
22,512 
20,225 
18,410 
33,933 37,916 
14,563 14,498 
23,165 24,254 
19,693 
32,537 37,373 
13,425 13,400 
15,148 13 ,482 
15,148 9,960 
23,524 23,398 
10,336 8,297 
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APPENDIX A 
CREEP AND SHRINKAGE OF CONCRETE UNDER 
VARIABLE ENVIRONMENTAL CONDITIONS 
Creep and shrinkage prediction methods are based on the results of 
tests carried out under constant storage conditions in the laboratory. 
These predictions do' not apply directly to concrete structures exposed to 
variable environments in the field where the rates and magnitudes of creep 
and shrinkage are significantly influenced by the fluctuations in temperature 
and humidity of the surrounding environment. The differences in the time-
dependent defonnations under laboratory and field storage conditions may 
require consideration in design when applying the results of these 
prediction methods to field exposure. 
The purpose of the study in this Appendix is the presentation and 
discussion of some interesting data on the creep and shrinkage behavior of 
seven concretes subjected to outdoor exposure in central Illinois and to 
constant environmental conditions in the laboratory. These data were 
obtained as part of an investigation of the long-term behavior of 
prestressed concrete highway bridge structures, and part of the test 
specimens was prepared in order to investigate apparent anomalies between 
predicted and measured deformations. of the bridge structures. All test 
cylinders were made from concrete used either in the actual plant production 
of precast pretensioned bridge girders or in the cast-in-situbridge decks. 
Except for one control group, the cylinders made from girder concretes were 
steam-cured on the prestressing beds along with the bridge members, while 
those made from deck concretes were moist cured. 
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The test data indicate that the traditional concept that high humidity 
leads to relatively low values of both creep and shrinkage will have to be 
modified .substantially if the deformations of concrete structures exposed 
to variable environments are to be properly predicted. In these tests, 
the shrinkage strains in the outdoor specimens were quite low, corresponding 
to average relative humidity values of 80 to 90 percent. However, the creep 
strains in the outdoor specimens wer~ much larger than normally would have 
been associated with this humidity range, and were of the same general 
magnitude as the creep of companion specimens stored indoors in a constant 
environment of about 45 to 50 percent. 
A.2 Background Information 
There have been a few investigations of the effects of varying the 
relative humidity on the creep and shrinkage of concrete, but apparently 
few attempts have been made to integrate the information into general 
engineering practice, possibly because of the nature of the test specimens 
used. Pickett (52), in 1942, demonstrated that the rate of creep deformation 
of 2 by 2 in. plain concrete flexural specimens' increased each time the 
specimens were either submerged in water or removed from water. Hansen (33) 
later subjected a series of 20 mm deep flexural specimens to cycles of 
changing humidity, and found that while the shrinkage of unstressed specimens 
corresponded to shrinkage at the average relative humidity, the creep 
corresponded approximately to creep of specimens maintained at the lower 
limit of the relative humidity cycle. The length of the humidity cycle 
was significant,as was the initial moisture state of the specimens. It 
may be that a reluctance to extrapolate the results of tests of such small 
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test specimens to the behavior of bridge and other large girders has been 
the main reason for the lack of general use of this information. 
There have been a few other investigations, as reviewed by Neville (4~ 
under controlled cyclic changes in humidity, and one series reported by 
L'Hermite and Macmillan (42) in which specimens were stored both outdoors 
and in a constant environment laboratory. A few specimens apparently were 
also stored outdoors as part of the AASHO Road Test Program (1 ). 
There apparently has been no systematic investigation of the effects 
of outdoor exposure on creep and shrinkage in which any range of possible 
environments has been taken into account. As examples of the possible 
variables, the occurrence of freezing temperatures for extended periods of 
time may be of some importance. Within the bounds of a given average annual 
rainfall there can'still be large differences in the climate the concrete 
sees if in one location the rain comes in short severe storms separated by 
long dry periods while in another location the rains occur in small amounts 
on many days of the year. 
A.3 Description of the Test Specimens 
Concretes A, C, 0, and J represent girder concretes used in the actual 
plant production of pretensioned bridge members, while concretes C2, 02, and 
J2 refer to deck concretes made in truck-mounted transit mixers. Concrete A 
is reported in Reference (47), and detailed accounts of concretes 0 and 02 
(Douglas County bridge), J and J2 (Jefferson County bridge), and the bridge 
structures in which they were used are given in References (37) and (23), 
respectively. The report for concretes C and C2 (Champaign County bridge) 
has not yet been published, but is expected in the near future. 
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The creep and shrinkage specimens were 6 by 12 in. cylinders cast in 
disposable sheet metal forms. In addition, short beams (2-ft long sections) 
were cast from girder concretes and lx14x28 in. prisms were cast from deck 
concretes for use as shrinkage specimens. In all cases, the concrete was 
compacted by use of an electric internal vibrator. 
Immediately after casting and surface finishing, the cylinders made 
from girder concretes were placed on the· lower flange of the formwork on the 
prestressing bed and subjected to atmospheric pressure steam curing. Maximum 
temperatures were in the range of 100 to 120°F (38 to 49°C). When the forms 
were removed from the bed, the cylinders were moved to the top of the 
prestressed beam, and remained there, covered with burlap and canvas, for 
the duration of the curing cycle. Mixes for concretes A, C and 0 were made 
in cold weather, and heated mixing water was used to raise the fresh concrete· 
temperatures to 68 to lOaF. Concretes A, 0 and J were cast at one plant; 
concrete C was cast at another about 250 mil~s away. 
As a control, half the cylinders of concrete A were moist-cured away 
from the prestressing beds, while the other half was steam-cured. At the 
end of the steam curing all these specimens were transported to the laboratory 
in a closed, heated truck to ensure that no freezing occurred. In the 
laboratory all specimens of concrete A were kept wet while they were 
prepared for strain measurements and loading for creep tests. As soon as 
all specimens were loaded and first readings taken (on successive days for 
steam and moist-cured concrete, respectively, to allow sufficient strength 
gain for the air-cured material), specimens were moved outdoors or to the 
constant environment room. In addition, sets of specimens were moved into 
a fog room (100 percent RH and lOaF). 
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Type III cements were used in all four mixes for girder concretes. 
The design compressive strengths were 5000 lb/in. 2 at 28 days, but the 
actual strengths were considerably higher, generally above 6000 lb/in. 2 
(see Table A.2), since the real design criterion for the mix was the 
achievement of the 4000 lb/in. 2 release strength in less than 24 hours. 
The deck concretes were specified as Class X which meant, at the time, 
the achievement of a minimum compressive strength of 3500 psi and a modulus 
of rupture of at 1 east 650 ps i, both at '14 days. Type I cements were used 
in all three ready-made mixes and all test specimens were moist-cured for 
periods ranging from 4 to 7 days as indicated in Table A.3. 
The mix properties for all concretes are given in Table A.l, with the 
wet'weights of aggregates and the estimated water/cement ratios based on 
added mix water plus water from the wet aggregates. The coarse aggregates 
were crushed limestone, river sand was used as fine aggregates, and all 
mixes contained air~entraining and set-retarding admixtures. The compressive 
strengths and initial valuss of Young's modulus at various ages are shown 
in Table A.2 for both laboratory and field stored cylinders. Even though 
the aggregates and cements were from di fferen~ sources, the resul ti ng ,I 
concretes had about the same creep and shrinkage characteristics, and 
similar strength-time relationships. 
Strains were meas~red with a 10-in. Whittemore mechanical gage, 
equipped with spherical tips approximately 2 mm in diameter. Three gage 
lines were e_stab 1 tshed ... oneach _test.cylinder. Gage_ po'; nts wereJ! 4 -in. 
diameter by 1/2 in. long stainless steel cap screws set with a quick setting 
epoxy into holes drilled into the hardened concrete with a masonry drill. 
Tapered gage holes were drilled in the bolt heads after the epoxy hardened (23). 
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The reference standard was a 2-in. sq steel bar, which was bored 
longitudinally to provide a space for an internal thermometer. 
The creep racks, each containing three cylinders, were loaded to a 
stress of 1000 psi by means of a hydraulic jack and the load was maintained 
by a large coil spring as shown in Fig. A.l. The load was adjusted to the 
correct value at each reading interval. 
A.4 Storage Conditons 
The laboratory specimens for concretes A, C, 0, C2, and 02 were stored 
in the humidity and temperature control~ed room in the Civil Engineering 
Building in Urbana, wh~re a 70°F and 50 percent relative humidity environment 
is maintained. Specimens for concrete J were stored in the crane bay of 
Talbot Laboratory. These specimens were exposed to a rather variable 
environment since the crane bay was not air-conditioned. During the first 
year of storage, th~ temperature ranged between 65° and 87°F and the relative 
humidity extremes for the same period were 39 and 81 percent. Typical fall 
and winter humidities were between 45 and 55 percent, while spring and summer 
humidities were generally in the range of 70 to 76 percent. Laboratory 
specimens for concrete J2 were stored in the air-conditioned basement of the 
Civil Engineering Building where a very stable environment of 72°F and 50 
percent relative humidity was maintained, except for a period when the air-
conditioning equipment was out of service because of a mechanical failure. 
The specimens stored outdoors are subjected to highly variable 
environmental conditions and a few comments about the weather, which is 
typical of the ~xposure sites, may help give some perspective to the strain 
data for these field specimens .. According to U.S. Government figures (58), 
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the average annual relative humidity of the area is about 70 percent. 
Monthly average values, averaged over reasonably long times, are not 
available on exactly the same basis, but apparently vary from a high of 
83 percent-in January to a low of 64 percent in July (18). For concrete D, a 
temperature and humidity recorder was maintained at the bridge site for about 
18 months and the records generally confirm these trends. It was also found 
that the humidity exceeded 95 percent at least ·once in all but one weekly 
interval of the 18 months. The annual temperatures were typical of the area, 
and the entire Midwest, with some low values being below OaF (-18°C) in 
December to February and highs occasionally approaching 100°F (38°C) in July 
and August. The average annual rainfall is about 35 in. (900 mm). The same 
trends are also indicated by the annual records of humidity and temperature 
for the Champaign-Urbana area (18), where the field specimens for concretes 
A, C, and C2 are stored. 
A.5 Creep and Shrinkage Strains 
Creep specimens were loaded to 1000 psi at the ages listed in Table A.3. 
For girder concretes, these ages correspond to the times of release of 
prestressing strands and the times when the bridge decks were cast. Each 
set of specimens included three cylinders and the total strains in the three 
cylinders were averaged. The readings reported cover periods up to 400 to 
1200 days after loading. 
Shrinkage strains were measured in five additional unstressed cylinders 
which were stored with the creep specimens and the strains from the five 
cylinders were averaged. 
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In the analysis of the data, it was assumed that the creep strain 
at any given time was defined by: 
where E.: tot = E.:tot(t):: total strain in loaded specimen, 
E.: = E.: (t ) = initial strain at loading, and 
co c 0 
E.:sh = E~h(t) = shrinkage st~ain in unloaded companion specimen 
at the same time. 
This definition is convenient from the point of view of application 
to structural engineering problems, and avoids or ignores other possible 
definitions which are concerned with the variation of Young's modulus with 
time, the disposition of permanent set, and arguments about basic verus 
drying creep, stress modified shrinkage, etc. 
The total strain-time curves for concrete 0 are shown in Fig. A.2, 
and the creep and shrinkage strains for the same concrete are shown in 
Fig. A.3. For early loading, the total strains n'n the laboratory stored 
concrete are significantly greater than in the field stored specimens. 
However, the differences in shrinkage strains were approximately equal to 
the differences in total strains; hence the creep strains in the two 
environments are nearly the same throughout the period. The annual 
cyclic variations in strain are significant, with effective expansions 
in the winter and shortening in the summer. The overall expansion of the 
outdoor creep specimens during the period from 300 to 400 days was not 
anticipated, nor was the nearly complete recovery of shrinkage strains at 
400 and 800 days. 
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The creep strains of the additional laboratory and field cylinders, 
loaded at the" time of deck casting, are comparable for the first 50 days 
after loading, but after that the creep strains in the field specimens 
decreased significantly and remained at about 2/3 of the corresponding 
laboratory values. No suitable explanation for this behavior h~s been 
found. 
Referring to the comments about the climatic conditions in the area 
(See Section A.4), it is obvious that the concrete, and especially the 
shrinkage specimens, were merely responding to annual changes in weather, 
with expansion during periods of high humidity and shrinkage during lower 
humidity periods. 
The cause of the very marked initial expansion of the field stored 
shrinkage specimens is not so obvious. The specimens were moved outdoors 
20 hours after the initial readings, into sub-zero condit~ons, and it might 
be thought that the expansion was merely a faulty temperature compensation 
in the strain measurement. However, the first reading showing an expansion 
-6 of over 100 x 10 was taken before the specimens were moved outside, and 
while it was cold where the specimens were stored, both the initial zero 
and l-day readings were taken under the same conditions. The same initial 
expansion was observed in the laboratory specimens, which were in the same 
location as the field specimens at that time. The possibility of temperature 
compensation problems were carefully considered, but does not appear to be 
capable of producing an error equivalent to half the expansion, given the 
worst combination of circumstances. 
It is possible that some of the expansion could have been due to the 
formation of ice crystals within the pores of the concrete, but this would 
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seem to imply the availability of free water, which is contrary to the 
conditions existing. This question remains unresolved for the present. 
The most significant feature of these data is the fact that creep 
outdoors was about the same as creep at 45 to 50 percent relative humidity 
in spite of the much higher average ambient relative humidity. The cyclic 
variation in shrinkage strain is also of interest and potential importance 
in some instances. 
The comparison of field data with the C.E.B. (1970) predictions are 
~ L..~, ,.~ ..: "" C": rt.... 1\ /I ." ... rI f\ h. 
':;'IIUWII 'III I I~':>. 1\."1" UIIU I\ • .J. T+ r-:1n ha 
.L '"' \"UII IJ'- seen from these figures that a good 
estimate of the field creep and shrinkage strains can be obtained using a 
combination of C.E.B. values where the relative humidity is 50 percent for 
creep and 80 percent for shrinkage. In these and subsequent comparisons, 
the factor kb (Fig. 2.4) which reflects the influence of the composition of" 
the concrete mix in Eqs. 2.2 and 2.7 was taken as 1.0, and the concrete 
". 
modulus at 28 days was computed us',ng the'C .E. s: recommendation ( Eq .2~-6) 
and the measured rather than the nominal values of concrete strength. 
After some of the relatively high field creep strains of concrete 0 
were observed, another series of specimens, referred to as concrete A, 
were prepared wi th the goa 1 of determi ni ng whethe'r some of the unexpected 
results were related to the steam curing. Half the specimens of concrete A 
were steam-cured and half were moist-cured. Also, besides the laboratory 
specil1lens stored in the humidity control room (50 percent RH and 70°F), 
additional sets of specimens were stored in a fog room (100 percent RH and 
70°F), but a failure of a fog unit less than two months later unfortunately 
invalidated most of this data. 
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The total strains and the creep and shrink:age strains of the steam 
cured concrete A are shown in Figs. A.6 and A.7, respectively, and those 
of'the moist cured concrete are shown in Figs. A.8 and A.9~ respectively. 
The data are consistent with those of other investigators (48) in that the 
steam cured concrete shrank and crept less than the moist cured concrete. 
It was also noted that the swelling of the moist cured concrete in the 
fog room was greater than the 'swelling of the moist cured concrete, 
which again is consistent with other experience. 
The creep strains of the steam cured concrete A, Fig. A.7., were again 
about the same for both laboratory and field conditions even though the 
shrinkage strains were quite different. The great disturbance of the 
laboratory curves which occurred at about 100 days was the result of the 
failure of the air conditioning system and the consequent uncontrolled' rise 
in the indoor relative humidity during the early surrrner months. Here again 
.. J~ 'seertthe .(;.xpaqsion of the fie ld shrinkage specimensduri ngthefirst 
two months. 
The creep. strains of the moist cured laboratory specimens of concrete A, 
Fig. A.9, were somewhat greater than in the field and the shrinkage strains 
were much greater~ There were initial expansion strains in the field 
shrinkage specimens, but these were less pronounced than for the steam 
cured con.crete. 
The predicted and measured creep and shrinkage strains of field 
specimens for moist cured concrete.A are shown in Fig. A.10. The trends 
here are the same as for concrete D, Figs. A.4 and A.5, and the agreement 
is quite close between the field strains and the C.E.B. 50 percent 
relative humidity creep values and 80 percent relative humidity shrinkage 
values. 
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Total strains, creep and shrinkage strains, and comparison of predicted 
and measured creep and shrinkage values for field spe~imens, for concrete C 
are shoWn in Figs. A.ll, A.12, and A.13, respectively_ The trends of the 
data are much the same as for concrete D, with only detail differences. 
This concrete was cast in March rather than December, and so was not exposed 
to extremely cold weather soon after casting. It is again significant that 
the creep strains under outdoor exposure and constant 50 percent relative 
humidity conditions are about the same even though the shrinkage values are 
quite d.ifferent. 
The creep and shrinkage of concrete J are shown in Fig. A.14. The creep 
data from the early loaded field specimens was considered to be erroneous 
since it was inconsistent with the measurements made at the centroid of the 
midspan section of the prestressed test girder (23). Also, in this particular 
case, the creep rack was kept in the laboratory until the concrete was 80 days 
old, and then moved to the field. However, there were no shrinkage specimens 
subjected to the same changes in environment, so a reasonable correction for 
the' shrinkage strain was not available, and hen'ce no meaningful comparisons 
of creep in laboratory and field specimens could be made. 
Comparing the creep strains in laboratory and field specimens of 
concrete J, loaded at the age of about 300 days, Fig. A.14, it is again 
noted that the cr~ep strains in the two environments are about the same 
in spite of the much higher ambient relative humidity as indicated by the 
field shrinkage strains and later substantiated by the records obtained 
from measurements at a similar exposure site reported in Reference (47). 
\ 
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Essentially the same trends are shown by the deck concretes C2, 02, 
and J2, Figs. A.15 to A.23, excep~ for the field creep of deck concrete 02, 
Fig. A.19, which is only about 2/3 of the creep strain for the companion 
cylinders in the laboratory. This trend is similar to that noted in the 
creep of girder concrete 0 loaded at the age of about 222 days (See Fig. A.3). 
It is interesting to note that for girder concretes 0, C, and J, loaded 
at times of deck casting" Figs.' A.3, A.12, and A.14, respectively, and also 
for deck concrete J2, Fig. A.22, the creep strains of field specimens were 
initially larger than the strains in the laboratory-stored companion specimens, 
but after a few months the laboratory specimens had slightly higher creep 
strains. 
It is worth mentioning that the measured strains in all the field-
stored specimens exhibit appreciable annual variations in both creep and 
shrinkage strains: These variations, which are expansions in fall and 
winter, and contractions in spring and summer, can be attributed to seasonal 
climatic changes. In addition, the long-term shrinkage ,strains for field 
specimens are quite small, corresponding to values of average relative 
humidity of about 80 to 90 percent, and considerably less ,than those normally 
expected in similar specimens stored under a constant relative humidity in 
the laboratory equal to the average annual value in the field. 
Design guides usually refer to prediction methods which are based on 
the assumption that concrete stored in a high humidity environment will creep 
less than a similar one stored in a much drier environment. These methods, 
if applied directly to field conditions, would lead one to expect creep 
strains in the field to be only about half those in the 50 percent humidity 
laborato~, while the observed differences are generally less than 20 percent. 
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The explanation for this discrepancy lies in the origins of the numbers 
generally used in and referred to in the various design guides and 
specifications. The creep data used in deriving these numbers were obtained 
from tests under constant environmental However, the data 
presented here and elsewhere (23,37,42, 63j) indicates that while the average 
humidity is important in determining the final value of creep, any moisture 
movement into or out of concrete increases the creep strain. Hence, for a 
highway bridge structure which is usually completely exposed to all changes 
'in weather, on both daily and annual cycles, and is probably never in moisture 
equilibrium with the surrounding air, the creep strains would be well above 
those normally associated with the average annual relative humidity in the 
field. 
A.6 Discussion of the Results 
The finding that creep strains were about the same in two quite 
different environments, and especially when the shrinkage strains were 
greatly different, is important and must be taken into account if creep 
strains and long-term deformations of structural members ,are to be 
adequately predicted. 
While this information is not completely new, there has not been much 
research in this area. More work needs to be done to define the variables 
and possible range of effects, and many tests under controlled cyclic 
conditions are needed before all aspects of behavior under randomly variable 
conditions can be understood. From Hansen's work, the length of cycle is 
obviously an important factor. However, there is no evidence to support 
the validity of the size effects, demonstrated by Hansen and Mattock (34), 
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for a concrete subjected to the annual variations in weather, while there 
is evidence (47) to sugg~st that if there is a size effect outdoor, it is 
different and probably less important, at least ina Midwestern climate. 
Drying affects basic creep (creep in the absence of moisture exchange) 
in two ways: Any change in moisture content, whether negative or positive, 
increases the creep rate, and reduction ir moisture content reduces the 
creep rate. In case of drying~ these two effects oppose each other and 
the first effect normally prevails. This increase in creep rate which 
apparently accompanies both drying and wetting, has been explained, at 
least in general, by Ali and Kesler (9 ) in terms of changes in the 
internal microstructure of the concrete. Drying also introduces an 
additional nonlinearity with regard to stress, first observed by L'Hermite 
(41). In the absence of drying, creep is almost linear with stress up to 
about 0.5 of the strength, in the presence of drying the nonlinearity 
increases and extends to much lower stress ranges. This effect has been 
explained in terms of a nonlinear diffusic I theory (14). The drying rate 
does not seem to affect strength which is consistent with the fact that 
the nonlinear dependence on stress at high stress ranges is due almost 
entirely to microcracking and not to any molecular ~iffusion processes. 
Given an annual average relative humidity of 70 percent, the shrinkage 
strains of the outdoor specimens would have been expected to approach 300 x 
10-6, using the simple equation proposed by Shorer (59) or a slightly larger 
value following the 1970 C.E.S. recommendations. However, the measured 
shrinkage never exceeded about 2/3 this value, except for short periods of 
time. Average shrinking values~ if the term is applicable, would hardly 
exceed 100 x 10-6. 
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Steam curing or extending the period of moist curing reduces the 
shrinkage that occurs on subsequent drying. This is obviously due to the 
progress' of hydration in the wet concrete which produces an increase in 
the elastic modulus and a decrease in moisture diffusion. The main source 
of shrinkage is the compressive stress in the solid microstructure of the 
cement paste produced by capillary and surface tensions. If this tension 
is assumed to be constant for a given moisture loss (actually it changes 
with hydration due to changes in porosity and mean pore size), then the 
shrinkage strain would be inversely proportional to the elastic modulus 
at a time when the moisture content begins to drop appreciably. This time 
does not coincide with the beginning of exposure to drying, because the 
loss of water from the core of the specimens begins after some de1~y. 
These effects- dueto-hydr-ati on-o-ragi ng are not cons i dered in the 1970 -
C.E.B. recommendations for estimating shrinkage strains. 
Steam curing cannot be considered mainly responsible for the low 
shrinkage outdoors since the companion laboratory specimens were also 
steam-cured and, in addition, moist-cured concretes also had relatively 
low shrinkage outdoors. An explanation is proposed as follows: At least 
part of the ~hrinkage is due to ~oss of water from the concrete to the 
atmosphere. This shrinkage i~ relatively slow since the water is contained 
in capillary pores and other small voids and is subjected to high surface 
tension and capillary forces tending to hold the water within these pores. 
On the other hand, moisture causing swelling will be taken into these same 
pores quite readily by the same capillary forces, each time moisture is 
made available. The capillary forces might be compared to check valves, 
whose function,is to let water flow into the concrete but not back out. 
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Thus, the average moisture content of the concrete would always be higher 
than that of concrete stored under a similar, but constant, humidity 
condition. If this is a valid picture of the behavior it should not be . 
surprising that the shrinkage of the outdoor specimens was less than that 
normally associated with the average humidity. 
Water can be taken into the concrete directly from the air during 
peri ods of hi gh humidi ty. In addi ti on, concrete surfaces can ·be wetted by 
either rain, especially. when accompanied by wind, or by condensation of . 
moisture on cold. sur.faces. Thus even the interior girders of wide bri.dges 
and central areas ~flarge open buildings such as parking structures have 
access to themoisture.required for periodic rewetting. Overpass bridges:: 
are subject to traffic-caused spray. .'. 
Most of 'the..;concrete- reported.-her-e-were-made. in-colde weather>and .. aJ 1 
field specimens were subj~cted'to weather conditions typical only of the, 
Midwest, so a question may be raised as to whether the same general trends 
would occur in concretes subjected to other different climatic 'conditions. 
Jhis asp~ct needs further investigation. 
0.7 Summary and Conclusions 
Long-term creep and shrinkage measurements are reported on four steam-
cured and four moist~cured con~retes. Half,the test 'specimens were stored 
in a constant laboratory envi~onment at lOaF and 50 percent relative 
humidity and the other half were stored outdoors in central Illinois. 
The shrinkage strains of the outdoor specimens were much less than in the 
laboratory, corresponding to average relative humidity values of about 80 
to 90 percent. However, the creep strains in the field and laboratory 
294 
were comparable in spite of the large difference between the average 
relative humidities of the two environments. Annual cyclic expansions 
and ~ontractions occurred in all outdoor specimens. 
The most significant feature of these data is the fact that the creep 
strains in the outdoor specimens were about the same as creep in a constant 
environment of about 45 to 50 percent relative humidity in spite of the 
much higher average ambient relative humidity in the field. This indicates 
that the prediction methods of creep must be modified to take into account 
the fluctuations in environmental conditions as well as the average value 
of relative humidity. This adjustme~t may require consideration in design 
since it affects camber and prestress losses, both of which affect the 
serviceability but not the strength of prestressed concrete structures. 
Creep and shrinkage values predicted according to the 1970 C.E.B. 
recommendations are compared with corresponding values measured in the 
field stored specimens. These comparisons indicate that, for structures 
located in the Midwest, fair estimates of creep and shrinkage strains can 
be obtained by using the 1970 C.E.B. values at 50 percent relative humidity 
for creep and 80 percent for shrinkage. However, more work needs to be done 
to define the variables and possible range of effects and additional tests 
under different climatic conditions and under controlled cyclic conditions 
are required before final conclusions on the prediction of creep and 
shrinkage of concretes exposed to variable environments can be reached. 
Table A.l Concrete Mix Proportions 
Cement Coarse 
Concrete Type of Content Sand/Cement Aggregates/ Water/Cement Cement (lb/yd3) Cement (approx.) 
Girder Concrete: 
A III 705 1.35 2.98 0.49 
(both steam & moist cured) 
C III 705 1 .58 2.80 0.44 (Champaign County Bridge) 
D III 705 1 .36 2.78 0.45 
(Douglas County Bridge) N 1.0 
U1 
J III 658 1.52 3. 14 0.40 (Jefferson County Bridge) . 
Deck Concrete: 
C2 I O. 
(Champaign County Bridge) 
D2 I 564 2.08 3.43 0.47 
(Doug1 as County Bri dge) . 
J2 I 658 1.80 3,05 0.49 
(Jefferson County Bridge) 
Table A.2 Properties of Girder and Deck Concretes 
Girder Concrete Deck Concrete 
Age Field Stored Laboratory Stored Age Field Stored Laboratory Stored Concrete Specimens Specimens Specimens Specimens 
Days f' Ec f' Ec Days f' E f- Ec c c c c c 
since casting (psi) (psixl06) (psi) (psix106) since casting (psi) (psix106) (psi) (psixl06) 
3 5,270 3.38 
Concrete A - Steam cured 14 5,580 3.53 6,020 3.53 
29 6,160 3.66 6,910 3.80 
91 6,620 3.80 6,800 4.10 
:3 4,910 3.24 
14 6,840 4.19 
Concrete A - Moist cured 15 5,590 3.20 N 
29 6,010 3.51 7,160 4.08 ~ 
91 7,150 3.90 -7,150 3.80 en 
4 5,620 4.29 8 3,360 2.93 
Concretes C & C2 32 6,590 5.64 6,030 4.99 31 4,360 4.06 4,400 3.99 (Champaign County Bridge) 68 7,190 4.77 6,800 4.50 101 3,550 4.10 *3,480 4.58 
367 7,027 5.078 6,497 4.17 
2.5 4,940 3.40 29 6,560 5.50 6,200 4.83 
16 4,930 3.45 5,510 3.37 202 5,820 4.66 6,400 4.55 
Concretes D & D2 28 5,140 3.37 6,130 3.63 364 7,050 4.90 
(Douglas County Bridge) 90 5,910 3.24 7,050 3.62 367 6,310 4.53 
219 7~850 4.73 6,840 4.19 
420 6~920 4.57 5,630 3.85 
2.25 4n90 33 4,820 5.60 4,920 4.80 
14 6,220 371 4,900 4.90 4,900 4.80 
Concretes J & J2 15 5,620 4.00 
(Jefferson County Bridge) 28 5,500 4.50 5,080 4;30 
303 7~500 5.60 6,270 4.60 
667 7,730 5.40 *7 ;.110 5.60 
Note: Values are averages of 3 cylinders. 
* One cylinder only. 
Table A.3 Age of Concrete at Time of Loading Creep Specimens 
and at Time'of Zero Shrinkage Readings 
Concrete 
Urbana Exposure Site 
Concrete A - Steam cured 
Concrete A - Moist cured 
Champaign County Bridge 
Girder - Concrete C 
Deck - Concrete C2 
Douglas County Bridge 
Girder - Concrete 0 
Deck - Concrete 02 
Jefferson County Bridge 
Girder - Concrete J 
Deck - Concrete J2 
Age at time of 
Date of:Castin~ Age. Zero Shrinkage Remarks 
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321 
APPENDIX B 
ANALYTICAL CONSIDERATIONS 
B.l.l Initial Losses 
B.l.l.l Elastic Shorte~ing Loss Due to Sequential Post-tensioning 
In post-tensioned constructioni the "prestress loss due to-elastic 
shortening for any given tendon is the difference between the stress in 
that particular tendon just after it is anchored and the effective "stress 
remaining in that tendon at the end of the jacking operation. For post-
tensioned members, this loss is only a fraction of the corresponding 
value for pretensioned members. The ratio varies from zero when all 
tendons are tensioned simultaneously to a maximum of 0.5 if infinitely 
many sequential steps were used. This loss can be virtually eliminated 
by careful planning of stressing sequences and prestressing levels. 
For post-tensioned members, the general practice is to anchor each 
tendon after prestressing it to a specified stress level. At the end of 
the jacking operation each tendon will have undergone a different amount 
of elastic shortening loss depending on its position in the jacking 
sequence. This loss may be calculated on the basis of the elastic 
modulus, E ,Oat the time of transfer' of prestress and the average 
co 
concrete stress between anchorages along each tendon. In many cases 
the average value given by the following expression is used: 
(B.l.l) 
where: 
322 
ESa = average prestress loss due to elastic shortening, 
n = (Es/Eco) = modular ratio at transfer, and 
f. = concrete stress at the level of the center of gravity Clr 
of the prestressing steel due to both prestress and 
dead load acting at the time of transfer .. 
An average elastic :shortening loss for tendons at a particular 
section could also be derived in the following manner: 
Consider the general case where post~tensioning is carried out 
one tendon at a time with each tendon having a different number of strands: 
C = total number of cables or tendons, 
S. = number of strands in the jth tendon, 
J 
C 
N = E S. = total number of strands in post-tensioned j=l J 
member, 
= total area of prestressing steel, 
area of concrete cross section, 
Ic = moment o~ inertia of concr~t~, 
e = eccentricity measured from the' center of gravity of the 
concrete to center of gravity of the prestressing steel, 
-e = effective eccentricity of prestressing steel, including 
secondary moment effects, 
fso = average initial steel stress for any given section 
at the end of the jacking operation, 
f
cdr = concrete stress at the level of the center of gravity 
of the prestressing steel due only to the dead load 
acting at the time of transfer, and 
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S = nondimensiona1 section parameter 
definedbyEq. (B.1.2) 
[ 1 e· eJ ~=nA -+-ps A I 
c c 
(B.l.2) 
The elastic shortening loss, ES .. , in the ith tendon due to stressing lJ 
the jth tendon is: 
ES .. = 1. S. f 
lJ N J so (B.1.3) 
Thus the elastic shortening loss, ES i , in the ith tendon due to stressing 
aii subsequent cables is: 
C 
ES. = NS f L S. 
1 so . . +1 J J=l 
"(B.l.4) 
Therefore, the average elastic shortening loss, ESa , per strand is: 
_ 1 C ESa L ES. (B.l.5) - N ;=1 1 
or 
ES = ~ f C C L L S. (B.1.6) 
a N2 so i=1 j=:=i+ 1 J 
= ~ f C C i L [ L s. - L S. ] N2 so i =1 j=l J j=l J 
= ~ f C C i [ L N - L L S. ] N2 so i =1 i =1 j=l J 
i . e. , 
ESa = (~fso) {eN - [CS1 + (C-l)S2 + (C-2)S3 + ... + (C-i+l)Si + ... SC]~ 
324 
or 
ES
a 
= (eNS fso){l - dN [CS l + (C-1)S2 t (C-2)S3 + ... + (C-i+l )Si + ... sc]} (B.l.7) 
If all cables have the same number of strands, S, then: 
N = CS 
C 
ES. = -Ns f E S 
1S0 . "+1 J=l 
= .f f S(C-i) N so 
ES. = -Cs f. (C-i) 1 so 
Therefore, the average elastic shortening loss is given by: 
1 C S C ES 2:: ES. fso 2: ,'"" 
. , 
= N = NC ~ l.,-l } a 
. 1 1 i =1 1= 
or 
ES = ~ f [C2 - 1') C(C+l)] 
a NC so ~ 
or 
ES = (C-l) sf 
a 2N so 
(B.1.B) 
(B.1.9) 
(B.l.10) 
(B.l.l1) 
If each strand is stressed individually, then the average elastic 
shortening loss per strand is given by: 
(8.1.12) 
In post-tensioned construction, the presence of friction and 
anchor-set losses as well as the secondary moments complicates the problem. 
The effects of dead load and secondary moments on the prestress loss due 
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to elastic shortening may be total or partial, depending on the particular 
geometry of the structure, the support conditions, and the location of the 
section considered. The above expressions do not include the effect of 
member dead load. Hence, to obtain the net prestress loss, ES, due to 
elastic shortening, these values should be reduced by the amount, nf d ' c r 
so that, 
ES = ESa - nfcdr 
In this study, it was assumed that the prestress losses due to elastic 
shortening as well as friction in the tensioning system were accounted for 
during the jacking operation, and hence, they were not considered in the 
analysis. 
B.l.l.2 Friction and Anchor-Set Losses 
In post-tensioned members, the basic equation for computing friction 
losses (6 ) due to wobble and curvature in the tendons is: 
where: 
= f . e-(kx + ~a) 
SJ 
(B.l.15) 
f
sx 
= steel .stress at any point x measured from the jacking end 
immediately after tensioning but before anchoring, 
fsj = initial steel stress at the jacking end before anchoring, 
e = base of Napierian logarithms, 
~ = curvature friction coefficient, 
k = wobble friction coefficient per unit length, 
a = total angular change of prestressing steel profile measured 
in radians from th-e jacking end to any point x along the span, 
and 
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x = distance along the span between the jacki,ng end and the point 
considered. 
This equation can also be used to calculate friction loss for any cable 
segment between any two given points along the span. In such a case, the 
reference point would be the segment-end where the initial stress, f., has SJ 
already been determined and a refers to the total change in slope for the 
given segment between the reference point and the point under consideration. 
In a post-tensioned member, a decrease in the prestressing force takes 
place at the release of the jacking device due to slipping of the anchorage 
or wedge-seating. The amount of slip depends very much on the anchorage 
system used and also on the standard of workmanship maintained, but it is 
independent of cable length'. During the tensioning operation, friction 
causes a gradual decrease of steel stress away from the jacking ends as 
shown in Fig. B.l. Upon release of the jacking device" anchorage deforma-
t~~n caus~s {he tendon to ~lid~ a finite distance inwards at these ends~ 
Friction reverses its direction in this region, and the stress variatio~ 
after anchoring will be as shown by the curve BO in Fig. B.l (b). At 
point B, the inward movement is stopped and the tendon stress is at its 
maximum. Hence, the prestress loss due to anchor-set is a maximum, AD, 
at the jacking end, decreasing to zero at point B. 
The object of the following analysis is to determine the back-slip 
distance, b, and the variation in initial steel stress along the span due 
to friction and anchor-set losses, taking into account possible disconti-
nuities in slope between the cable segments. It is assumed that the cable 
profile together with the frictional parameters and anchor-set for the 
prestressing system are known. The approach is similar to the one 
described in Reference (38). 
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Referring to Fig."B.l(b), the area under the cur~e AC gives 
a measure of the total elongation of the tendon and the area ABO measures 
the slip at anchorage. Consider an element dx of the tendon at a distance 
x from the jacking end. At release of the tensioning jacks, the stress 
* in this element decreases from fl to fl ' and the corresponding change, 
0, in its length is: 
As the tendon sliding is stopped at point B, the shortening of segment AB 
the total shortening of the segment AB is: 
"b 
6 = ~ (Area ABO) = ~ J (fl - f~) dx ~ So" (B.l.16) 
For structural members with normal dimensions, the cable profile 
is us~ally sufficiently flat, so that,for purposes of calculating tendon 
sliding, it can be approximated by circular arcs. With this approximation 
a becomes directly proportional to x, and Eq. B.l.15 can be written as: 
where a (3 = k + 11(-) 
x 
(B.l.17) 
The parameter (3, referred to as the friction index, is constant for any 
cable segment with uniform curvature and hence allows the integration of 
Eg: B.1.l. 6'. Thus, referring to Fig. B.l (b) , the steel stresses before 
and after anchoring are, respectively: 
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Therefore, substituting in Eq. B.1.16 and integrating yields: 
or 
1 .' -Sb 2 
= - f . (1 - e ) E· SJ s 
2 
( -Sb 1 - e ) = E S~/f . s SJ 
Solving this equation for the back-sliding distance b, 
where ln = loge = natural or Napierian logarithm 
Fa r small va 1 ues of (lEsS~/fsj)' whi ch is usually the case, 
b = rr;p:-I~j 
(B.1.18) 
(B.1.19) 
(B.1.20) 
Once the value of b is determined, Eq. B.1.15 is used to compute 
the stress at Bor at any other point over the segment OB, respectively, as 
follows: 
where: 
f = f . e-{kb + ~a ) 
sb SJ AB (B.l.21) 
* f ·'e-[k{ b-x) + vaB ] f sx = sb x '(B.l.22)--
aAB = total change of slope in radians between points A and B, and 
a Sx = total change of slope in radians between points Band 
the section considered in the region OB. 
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For cases where the back-sliding takes place over several -
segments of different curvatures, the problem becomes a little more 
complicated. Consider the case of two segments with friction indices 
Sl and S2 and slope discontinuity 8B, as shown in Fig. B.l(c) and (~). 
The constant va 1 ues of Sl and S2 ,for the fi rs t and second segments 
respectively may be computed using the following expressions: 
\ 
J 
(B.l .23) 
where aAB = total change of slope for first segment between A andB, and 
aBC = total change of slope for second segment between Band C, 
but does not include the slope discontinuity 8Bo 
The total shortening o~ the segment ABC is: 
1 !1 = - (Area ACO) E ' s 
or 
1 ~ bl * b=bl+b2- *} !1 = -E - f (f1 - f1) dx + fb l - -(f2 - f2) dx (B.l .24) s 0 
Referring to Fig. B.l (e), the- steel stresses for the two 
tendon segments before anchoring are given by the following expressions: 
f = f . e - ,S, .. x 
, SJ (B.l.25) 
f = f e -118B = f' . e - (S, bl + 118B) BCBA· -SJ --
[ ( ) ] -(3 (x - b ) f = f e- k x-b, + l1a = f e 2 , 
2 Be BC 
(B.l .26) 
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where: 
a = total change of slope in radians for the segment between 
the point where the steel stress is known and the point 
under consideration. 
After anchoring, the stresses are: 
Or'"' 
or 
or 
Therefore, 
f * f e=S2b2 . e=S2(b=x) 2 = . Be • 
f;A = fsj e-(Slbl+2~6Bl . e-2S2b2 
f ~ . = f ;A e - [ k ( b, -x ) +wx ] = f ;A e';' 13, (b 1 -x ) 
(B.l.27) 
(B. , .28) 
J:l (f1-f;ldx = fsj Cl ~-SlX - e-2(Slbl+S2b2+116Bl.eSlxl dx 
= f . -' (1 - e- f3 ,b1) [1 - e-(f3,f),+2118B) . e- 2f32b2] 
SJ 13, 
(B.'.29) 
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Hence, from Eqs. B.1.24, B.1.29, and B.1 .30, 
Now let ~ = (1 - e- S2b2), 
n1 = (1 - e- S1b1), and 
Therefore, 
_118 y = e r--' B 
This is quadratic in ~ and with: 
Eq. 8.1.32 reduces to: 
~2 + 2n ~ - n = 0 2 3 
Solving for the unknown parameter ~ yields: 
\ 
's X! 
e 2 Jdx 
(B.1 .30) 
(B.1.31 ) 
(B.1.33) 
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Once b2 is obtained, the back-slip distance, b, can be easily 
determined and the initial prestress losses calculated. 
(B.l.34) 
(B.1.35) 
When there are no 'kinks in the cable profile and the slope is 
continuous between the two segments, then 8B = 0, Y= l, and Eq. B.l.32 
becomes: 
nil = 0 (B.l.36) 
This is still quadratic in ~ and b2 can be obtained using Eq. B.l.35 
with Y=l being substituted in the expressions for n2 and n3. 
If the slip at anchorage is small or if the friction is large, 
the anchorage loss b~comes concentrated near the jacking ends and the back-
slip is limited to only one tendon segment with uniform curvature. This 
problem can be regarded as a special case of the two-segment problem. 
Thus, substituting.b2 = 0, and Y= 1 in Eq. B.1.37, and noting that the 
unknown is now b ~ bl (instead of b2), the familiar expression for the 
back-slip distance, Eq. B.l.22, is obtained. 
Before evaluating the coefficients of Eq. B.l.35, it is 
necessary to check whether the back-slip extends beyond the first segment. 
To determine the maximum anchor-set, ~, corresponding to the back-sliding 
being restricted to the first segment, consider Fig. B.l,(d): 
Therefore, 
or 
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f, = f . e-S,x 
SJ 
61 = -' f b, Es 0 * (fl - f l ) dx 
= f sj t' 
Es 0 
e 1_ ~-8 x -(28,b,+]l8B) 8'J e .' e I dx 
f . 
-8,b, t -(8,b, + ]l8B~ 61 = ~ (1 - e ).1 - e EsS, 
For no slope discontinuity, 8B = 0 and this equation reduces to: 
(B.1.37) 
(B.1 .38) 
which is the same as Eq. B.l.18 evaluated at the end of the first segment 
wi th ~, bei ng treated as the unknown. 
If 61 is less than the specified ancho~ slip '6, then the back-slip 
penetrates beyond the first cable segment and a two-segment problem is 
, at hand. 
, •. ,,=~ 
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8.1.2 Time-dependent Prestress Losses 
In post-tensioned members, the tensioning operation is usually 
designed to produce specified initial stress levels, f ,at the critical 
so 
sections immediately after removal of the jacking device. From then on, 
these initial stresses decrease continuously as a result of the time-
dependent prestress losses due to the combined effects of creep and 
shrinkage of concrete and stress relaxation of the steel. These losses 
also include the prestress gain caused by any additional sustained Joad, 
such as that due to casting of the deck concrete or placing of asphalt, 
applied sometime after transfer of prestress. 
For any selected section or integration point along the span, 
the net total time-dependent prestress loss, ~f , for the time interval 
s 
is computed using the following expression (See Eq. 8.4.14, Appendix B): 
where: 
(B.1.39) 
~Ecgs = incremental change in concrete strain at the level of the 
stee 1 ~ due to creep, shrinkage, compos i te act ion, changes 
in'moments at the'interior supports in cases of continuous" 
beams, and any additional sustained load (if present), and 
~CRs = incremental relaxation loss for the time interval, defined 
by Eq. B.l.42. 
2 
S = n A (_1 +~) 
ps Ac Ic 
= nondimensional section parameter pertaining to either 
noncomposite or composite section depending on the case 
and time interval under consideration. 
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The term (1 + ~) in Eq. B.l.39 accounts for the effect of elastic 
recovery (See Appendix B, Section B.4) 
To study the effect of the different parameters on prestress 
loss in more detail, it is convenient to decompose the total time-
dependent loss, ~fs' for each time interval, into its three components 
of creep, shrinkage, and relaxation. This distribution was carried 
out in the following way: 
i1SH = E ei1s 
s sh 
i1CR = ~f - (i1SH + ~CR ) 
c s s 
where: 
~ssh = incremental change in shrinkage strain for the 
time interval, 
i1SH = incremental prestress loss due to shrinkage for 
the time interval, and 
~CR = incremental prestress loss due to creep and c 
composite action, if any, for the time interval. 
To evaluate the incremental relaxation loss, ~CRs' for any given 
ti~e interval, L1ti' after a time ti hours since transfer of prestress, 
consider the following. The expressions for pure relaxation given 
in Section 2.2.2 can be written as follows (See Fig. 2.7): 
1 fsi(to) f .(t.) '= f .(t ) {l - --:'" (f - 0.55) l09(t
1
·)} 
S1 1 S1 0 C py (B. 1 .40) 
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where: 
fsi (t i ) = stress in post-tensioned steel at time ti hours 
after transfer of prestress, 
fsi (to) = hypothetical initial steel stress at time to = 0, 
corresponding to f .(t.), and 
s 1 1 
c = empirical material ·constant depending on the type 
of steel strand used, 
= 10 for stress-relieved strands, 
= 45 for low-relaxation strands. 
This equation is quadratic in fsi(to). Solving for fsi(to) in terms 
of the known value of f .(t.) yields: 
s 1 1 
where: 
With the hypothetical initial stress, fsi(to)' known, Eq. 8.1.40 is 
used again to determine the corresponding steel stress, fsri(t j ), 
at time tj with only the incremental relaxation loss being considered 
as follows: 
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(8.1.41) 
where: 
t _- = t + At 
-J "i Ll-i· 
Therefore, 
~CR= f .(t.) - f .(t.) 
S Sl 1 sr1 1 (8.1.42) 
Instead of accumulating all the effects of composite acti6n and 
elastic recovery on prestress loss in the creep component, a more 
logical distribution into shrinkage, relaxatiOn, and creep comp~nents 
respectively might be considered as follows: 
where: 
nCRse= nCRs / (l + 1;) 
~CRc = bfs - (~SH + ~CRse) 
~Esh = incremental shrinkage strain for the time interval 
including the effect of differential shrinkage 
, . 
It should be noted, however, that this adjustment does not change 
the magnitude of the total prestress loss, ~fs' but only affects the 
distribution of this loss into its different components. 
338 
B.2 Composite Action 
A.ssuming that there is sufficient bond between the cast-in-place 
deck and precast girder, the composite beam will act monolithically 
under any forces introduced at any time after hardening of the deck 
concrete. 
To satisfy deformation -compatibility, plane sections are assumed 
to remain plane after deformation and hence strain distribution along 
the depth of the monolithic composite section is linear. This assumption 
ensures compatibility of curvatures and strains along the interface 
between deck .and girder under diffetential creep and shrinkage~ 
Since creep and shrinkage are two different phenomena and affect 
stress and strain distributions in concrete differently, the differential 
shear and associated couples due to differential creep and differential 
shrinkage and their contribution to gl~stic changes. in_stresses and. 
strains, during any time interval., were considered separately and then 
superimposed. 
B. 2. 1 Differential Shrinkage 
Defining differential shrinkage strain as the positive difference 
between the free shrinkage of deck concrete and that of girder concrete 
any time after removal of deck formwork, then for a given time interval, 
T = t. - t. 1 1 1 -
By definition 
(B.2.1) 
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where: 
EOsh = EOs h(L) = change in differential shrinkage strain at 
the interface, 
Edsh = sdsh(L) = change in free shrinkage strain of deck 
concrete, and 
Egsh = E9sh(L) = change in free shrinkage strain of girder 
concrete. 
Assuming the free shrinkage of the younger deck concrete is greater than 
differential shear and associated. couples 
will act in the directions shown in Fig. B.2(b). 
To ensure deformation compatibility, it is necessary to restore equality 
of both strains at the interface and curvatures in the deck and girder. 
This is somewhat simplified because the distribution of free shrinkage 
$tr_ain. in bpthdeck and girder is a~sumed to be uniform and, in addition, 
shrinkage is independent of conc~ete stress. Considering the strains at 
the interface: 
where: 
(8.2.2) 
EdOsh = EdDsh(L) = elastic strain at bottom of deck due to 
. the change in differential shrinkage shear 
and moment acting on deck concrete during 
the time interval L, and 
" EgOsh = Egos h(L) = elastic strain at top of girder due to 
change in differential shrinkage shear and 
moment acting on girder concrete during 
the time interval L. 
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For curvature compatibility: 
¢ - @ = Dsh - gOsh @dOsh (B.2.3) 
where: 
~gOsh = @gOSh(T) = elastic curvature of girder due to the change 
in differential shrinkage moment acting on 
girder concrete during time interval T, and 
~dOsh = @dosh(T) = elastic curvature of deck due to the change 
in differential shrinkage moment acting on 
deck concrete during time interval T. 
Referring to Fig. B.2 and defining positive curvature as that 
produced by a positive (sagging) moment, the relationships between 
changes in moment, curvature, and elastic strains according to simple 
bending can be expressed as follows: 
f 
<POsh = MgOSh/ EgIg = MdOsh / EdId 
V M V [ Osh + ( gOsh) ] ( Dsh) + cP • y ) 
EgAg EgIg Y gt = EgAg Dsh gt 
= VOs h + (MdOSh) = VOs h + ¢ 
sdOsh EdAd EdId Cdb EdAd Osh Cdb 
where: 
VOs h = VOs h(T) = incremental shear at the interface due to 
differential shrinkage, 
M = M (T) = incremental moment induced in girder due to gOsh gOsh 
differential shrinkage, 
(B.2.4) 
(B.2.5) 
(8.2.6) 
Let: 
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MdOs h = MdOs h(T) = incremental moment induced in deck due to 
differential shrinkage, 
Cdb = 1 hd = distance between deck bottom and centroid of 
deck sect i on , 
Ygt = distance between girder top and centroid of girder section, 
Ag = area of girder concrete, 
Ad = area of deck concrete, 
Ig = moment of inertia of girder concrete, 
Id = moment of inertia of deck concrete, 
Eg = Eg(t i ) = modulus' of elasticity for girder concrete at time ti-' and 
Ed = Ed(t i ) = modulus of elasticity for deck concrete at time tie 
Y9dm = Ygt + Cdb = distance between the centroidal axes of girder 
and deck sections~ 
EdId 
K = K(t i ) = n- = ratio of deck stiffness to that of girder, and 9 9 
[ 
1 1 . y 9
2 
dm I y = y(t.) = + + ---"'----
1· EgAg EdAd EgIg + Ed1d 
From Eqs. 8.2.2, 8.2.5, and 8.2.6~ 
(
. 1 1 1 cOsh = EgAg + EdAd V Osh + Y gdm . ¢Osh (8.2.7) 
From the equilibrium of moments at the interface: 
(8.2.8) 
where: 
MOsh = Mos h(T) = differential shrinkage moment acting at the interface. 
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Hence, 
VDsh = (MgDSh + MdDSh]~Ygdm 
From Eqs. B.2.4 and B.2.9, 
The solution of Eqs. B.2.4, B.2.7~ B.2.8, and B.2.10 yields: 
VDsh - EDSh/Y 
M = [Cdb ~ Ky qt ..] Dsh-- --1 + ~ - VDsh-
MgDSh = (~~d~] VDsh 
MdDsh = d.fg[)~h-;' f/'~d~/~l\]D~h- - . 
(B.2.9) 
(B.2.10) 
(B.2.11) 
(B.2.l,2) 
(B.2.13) 
It should be noted that for prismatic sections, where the 
eccentricities of'differential shear with respect to ·the.centroidal axes 
of girder and deck sections are constant along the length, the distribution 
of differential shear and moments will not vary along the span. This 
results from the assumption that free shrinkage strains are uniformly 
distributed over the depth and along the length of both girder and deck 
concretes. 
B.2.2 Differential Creep 
Defining differential creep strain·as the difference between 
the free creep of deck concrete and that of girder concrete at the 
interface any time after removal of deck formwork, then, for any given 
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time interval, 
By definition: 
(8.2.15) 
where: 
E = EOcr (-r) = change in differential creep strain at the interface, Ocr 
Erlf"'r = Edcr(T) = change in free creep strain of deck concrete at 
.... "-
the interface-, and 
J:§cr.= E§c·r-( T) .=_chq..nge in_ free.creep .. str_aio of gtrderconcrete 
at the interface, 
For differential shear and associated couples acting as shown in Fig. 
--8·.·2,. ,--80---i -s -p 0 siti ve- whe n··t he-·dee k--conc rete ·c ree ps· mo-re- tha-n--the-- cr 
gi rder concrete. 
The change in differential creep curvature is defined as: 
~Ocr = ~gcr - Wdcr (8.2.16) 
where: 
~Ocr = ~Ocr(T) = change in differential creep curvature, 
\]!gcr = '~gcr (T) = change in curvature of girder due to creep of 
girder concrete during the time interval T;t and 
. ~dcr = \fdcr (T) = change in curvature of deck d~e to creep of 
deck concrete during the time interval T. 
Since creep is a function of concrete stress, then, during 
any time interval, in addition to differential creep at the interface, 
creep strains due to existing stresses will cause changes in curvature 
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in the deck and girder sections. Because of the differences in stresses 
and rates of creep in the deck and girder concrete, and also because the 
stiffness of the deck is usually much less than that of the precast 
girder, curvature changes due to creep will not generally be the same 
in the deck and girder sections. Hence, to satisfy compatibility of 
deformations, both differential creep strains and differential creep 
curvatures must be taken into account. 
For compatibility of strain at the interface: 
s + S = E + gcr gOcr dcr EdDcr (B.2.l7) 
or 
(B.2.l8) 
where: 
EdDct = sdDcr(T) = elastic strain at bottom of deck due to the change 
in differential creep shear and moment acting on 
deck concrete during the time interval T, and 
EgDcr = EgDcr(T) = elastic strain at top of girder due to the 
change in differential creep shear and moment 
acting on girder concrete during the time 
i nterva 1 L . 
For curvature compatibility: 
~gOcr - ~gcr = ~dDcr - ~dcr (B.2.19) 
or 
~Dcr = ~gOcr - ~dDcr (B.2.20) 
where: 
~gDcr = ~gDcr(L) ~ elastic curvature of girder due to the changes in 
differential creep moment acting on girder concrete 
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during the time interval T, and 
~ - ~ (T) = elastic curvature of deck due to the change in dOcr - dOcr 
differential creep moment acting on deck 
concrete during the time interval T 
The elastic strains due to differential creep can be expressed as: 
where: 
_ . [Vocr + Mgocr 
. EgDcr-' - - EA E I . 
. g g g g 
ygt] 
VOcr = VOcr(T) = incremental shear at the interface due to 
different i a 1 creep, . 
(8.2.21 ) 
(8.2.22) 
M - M (T) - incremental moment induced in girder concrete gOcr --gOcr . -
due to differential creep, and 
MdOcr = MdOcr(T) = incremental moment induced in deck concrete 
due to differential creep. 
Hence, from Eqs. 8.2.18, B.2.2l, and 8.2.22, 
.. £Ocr = . [Eg~g +E:Ad]Vocr + [E:i;hocr + [~:~JMdocr 
. From the equili~rium of moments at the interface, 
MOcr = Mgocr - VOcr . Ygt = VOcr . Cdb - MdOcr 
where: 
M = M (T)- - incremental moment at the interface due to Ocr Ocr -
(8.2.23) 
(8.2.24) 
differential creep during the time interval T. 
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Hence, 
From the relation between moment and curvature in simple bending: 
The solution of Eqs. B.2.23, 8.2.24, 8.2.25, and 8.2.26 yields: 
or 
VDcr = FDcr + (Cd~ : :Ygt} ~Dc~f 
MDcr = ~Cdb - KY9t)~Dcr + EdId ~DcJf1 + K) 
MgDcr = fr gdm . VDcr + EdId ~DC~/(l + K) 
MdOcr = Ygdm . VOcr - Mgbcr 
MdDcr = ~gdm· VDcr - EgIg ~DcJ/(l + 11K) 
Since the stresses due to prestressing and dead load vary 
(8.2.25) 
(8.2.26) 
(8.2.27) 
(8.2.28) 
(B.2.29) 
(8.2.30) 
considerably along the length, differential creep strains will also vary 
along the span. The higher stresses in the regions of midspans and 
interior supports will result in higher creep strains in the younger 
deck' concrete and, therefore, higher differential creep at these locations. 
Consequently the differential shear and associated resultant moments will 
vary along the span with higher values being reached near midspan and at 
interior supports. 
If the section is composite during the time interval considered, changes 
in the stresses due to changes in the post-tensioning force, eccentricity, 
secondary moments or moments at the interior supports, should be calculated 
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using the composite section properties. However, it should be noted 
that, when the properties of the composite section are referred to the 
girder concrete, changes in the deck stresses should be multiplied by 
the modular ratio, (Ed/Eg), of the two concretes. 
The stresses in dec~ and girder concretes due to differential 
shears and moments acting at the interface should be calculated using 
the deck and girder section properties respectively. 
B.3 Changes in Net Support Moments 
In a continuous composite or noncomposite beam, creep and shrinkage 
will cause a redistribution of stresses and moments within the structure. 
For a given time interv~l T, changes in the rotations at an interior 
support will be restrained due to continuity. 'Within the elastic r'ange, 
changes in the support moments can be related to these changes in 
rotations through the beam properties. 
Let 6M = 6M; = 6M i (T) = changes in support moments due to all effects 
of creep, shrinkage, and relaxation in the 
continuous monolithic beam during a time 
interval,T, 
68 = 68 i = 68;(T) = changes'in unre~trained rotations at interior 
supports due to all effects of creep~ 
shrinkage,'and:relaxation during a time 
interval T (See Fig. B.3), 
Ic = Ic(T) = moment of inertia of composite section, 
= I = moment of inertia of girder section if the g 
beam is not composite, 
348 
Eg = Eg(~) modulus of elasticity of girder concrete, 
i = interior span in continuous beam, 
i l = end span in continuous beam, and 
at = il/t = ratio of end span to interior span. 
For a symmetric two-span beam, the stress distribution is the same 
along both spans because of symmetry. Hence, for a given time interval 
T, the change in the unrestrained rotation will be the same on both sides 
of the interior support (See Fig. B.3). Th~ change in the support 
moment during a time interval T is given by: 
. 3 E I . 
6M = -( 9 c) 68 t (B.3.1) 
For a three-span symmetric beam, the change in the support moments 
during a time interval T is given by: 
(B.3.2) 
or 
(B.3.3) 
Similarly, for a four-span symmetric beam, the changes in the support 
moments dur;'ng the time interval T are given by: 
(B.3.4) 
or 
(8.3.5) 
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(B.3.6) 
It should be noted that in the three or four-span beam, changes in 
the unrestrained rotations on the two sides of the first interior support 
are not equal because the distributions of. stresses due to support moments 
are not the same along the interior and end spans (See Fig. B.3), 
B.4 Elastic Recovery 
When the prestressing force reduces with time due to creep and 
shrinkage of concrete and stress relaxation of the steel, the stress in 
concrete at the level of the steel is reduced. Due to these changes in 
the applied stress, ,elastic strain r~covery as well as creep recovery 
takes place. If these strain recoveries are ignored, the loss of 
prestress is overestimated (28). 
As explained before, the rate of creep method, which forms the basis 
for analysis in this study, does, not allow for any creep recovery. 
However, the assumptions made in developing the numerical procedure (See 
Section 2.4), require that the elastic recovery be taken into account; 
otherwise, equilibrium between tension in the steel and compression in 
the concrete and also strain compatibility between changes in steel strain 
• 
and changes in concrete strain at the steel level, during any given time 
interval, cannot be satisfied. 
To restore equilibrium and strain compatibility between steel and 
concrete at any section or integration point along the span after an 
'incremental change in concrete strain, 6scgs ' at the steel level due to 
creep, shrinkage, and composite action during any time interval, consider 
th~ following: 
where: 
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6.S
cgs = 6.s h + 6.s + 6.s0 "f s cr 1 
6.s
sh = incremental shrinkage strain for the time interval, 
6.scr = incremental creep strain at the steel level for the 
time increment, and 
6s0if = elastic strain at the steel level due to composite 
action for the time interval. 
(B.4.1) 
Considering only the concrete at the level of the center of gravity 
of the steel, a set of incremental forces and corresponding changes in 
strain acting as shown in Fig. B.4 (a) are expected .. 
For equilibrium: 
For strain compatibility: 
6.P 
se 
6.P 
ce 
And from the stress-strain relations within the elastic range: 
6.s = 6. n I A •. E 
s rse/ pss 
= 6.P • ce 
} 
Thus, from Eqs. (B.4.2, B.4.3, and B.4.4): 
1 A 6.P (A E + r-) = 6.s 
se ps s c cgs 
or 
6.P = (A· E 6.s )~l + 7;) 
se ps s cgs I' 
(8.4.2) 
(B.4.3) 
{8.4.4} 
(B.4.5) 
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Therefore, 
where: 
~fs = adjusted prestress loss due to creep, shrinkage, and 
composite action for the time interval. So far, this 
does not include the effect of stress relaxation in 
the steel, 
2 
A = (i-'+ 1-), and 
c c 
') 
~ = n A A = n A (_1 + e~) 
ps ps Ac Ic 
in which n = E IE = modular ratio for the time interval. For the 
s c 
definition of the other terms see Fig. B.4{a) and the notation given 
in Appendix D • 
(B~4.6) 
To obtain the contribution due to the incremental relaxation loss, 
~CRs' consider the changes in force and strain shown in Fig. B.4{b),· 
keep; ng i n_mi nd that .6.CRs ' by defi nit ion ,. does not produce any change 
in steel strain. 
For equilibrium: 
Net force 
or 
~p. s = A • ~CR ps s 
oPe = -op s. 
~P 
c 
oP . ~ ~p ~ ~Ps = ~p - A cr ~CR 
s se se ps s 
(B.4.7) 
{B.4.8} 
(B.4.9) 
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From elastic stress-strain relationships: 
and from strain compatibility: 
OES - OE = OE C cgs 
These relations lead to the following: 
or 
hence, 
6Pse = Aps . 6CRS~(l + s) 
6fS = 6CRS~(1 + s) 
Therefore, the net adjusted change in steel stress for the time 
interval under consideration is: 
~f = [Es '~E + ~CR ] / [1 + r;] 
s cgs sl 
(8.4.10) 
(8.4.11) 
(8.4.12) 
(8.4.13) 
(8.4.14) 
The effect of adding a sustained load, such as that due to casting 
of deck concrete or placing of asphalt sometime after transfer of prestress, 
can be included by computing the elastic concrete strain at the steel level 
due to this additional load and adding it to the ~Ecgs term in Eq. 8.4.14 
353 
at the appropriate time interval corresponding to the age of loading. 
Th~ effects of incremental changes of support moments in continuous 
beams are also treated in the same way. 
This adjusted change of steel stress is used to calculate the 
incremental changes in elastic stresses and elastic strains for the 
time interval. 
Finally, it should be noted that, strictly speaking, the net 
transformed section properties rather than those pertaining to the 
gross concrete cross section should have been used in the analysis. 
Also, the calculations of strain recovery and elastic changes in 
stresses and strains should take into account the 'increase in the 
modulus of elasticity of concrete with time. 
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APPENDIX C 
GEOMETRY OF THE POST-TENSIONED GIRDERS AND 
CABLE PROFILES SELECTED FOR THE STUDY 
In this investigation different types of concrete cross-sections 
were selected for the study of time-dependent behavior of composite and 
noncomposite post-tensioned prismatic concrete beams. However, in order 
to model post-tensioned girder bridges realistically, it was necessary to 
use actual representative tendon profiles and the cross-sections in which 
they were used, especially since the secondary moments vary considerably 
with the shape of 'the cable profile. 
Five different sections were chosen for the analysis to cover a 
broad range of post-tensioned bridge girders. The girders considered 
were: 
(1) ModlfiedIllinois standard 54 in.-I beam; modified by increasing 
the beam width by 1.0 in. and the depth by adding 2.0 in. of 
concrete to the top flange, 
(2) 'Standard Illinois 48 in.-I beam, Piatt County bridge, 
(3) AASHTO Type' I I I girder (10), 
(4) 6.5 ft box s~ction adapted from Reference (44) (also reported 
in Reference (4) ), and 
(5) Railroad girder bridge (44) which was included mainly to 
represent the case of extremely heavy sections. 
The first section was used in the analysis of both types of composite 
beams (Types A and B). For purposes of comparison, the same section 
with equivalent decks was also considered to act as a noncomposite beam 
with the deck being placed monolithically with the girder using the same 
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concrete. The last two sections represent two different types of 
noncomposite cast-in-situ beams. 
Although five different concrete cross-sections were used, most 
of the analyses were carried out using the modified Illinois 56 in.-I 
beam. This section evolved from a prototype design which suits the 
construction sequence proposed by Gamble and Mohraz (25, 29) for the 
two-span grade-separation highway girder bridges dictated by the new 
and more stringent safety requirements. 
The section properties of the five girders selected for this. study, 
as well as span lengths and cable profiles used, are given in Figs. C.l 
to C.5. Since live loads were not considered in the analysis, the area 
of post-tensioning steel, initial prestress .leve.l, girder spacing, and 
deck thickness were treated as variables. In addition, the dead load 
assigned to either girder or deck concrete could .be varied without 
changing the cross-sectional dimensions. For composite beams, composite 
section properties were calculated using the ratio of deck to girder 
moduli at the time of transfer of prestress in ~ase of shored composite 
beams (Type A), and at 28 days after casting of deck concrete in case of 
unshored composite .beams (Type B). Table C.l shows the deck section 
properties considered in the analysis. 
Table C~l Section Properties of Deck Concrete Used in the Analysis 
Deck Concrete 
Type of 1:--T28) Girder Thickness Width Weight fl c Theoretical Cross-section c (According to C.E.B.) thickness, dm 
( in. ) (i n. ) (plf) (psi) (psi x 106) (cm) 
56"-1 Beam 0 0 0 
0 0 656 
5 60 312 3,000 3.92 14 
w 
5 60 312 6,000 5.54 14 ()) 
--' 
7.5 84 656 3,000 3.92 20 
7.5 84 656 6,000 5,54 20 
8 96 800 3,000 3.92 20 
8 96 800 6,000 5.54 20 
8 120 1,000 3,000 3.92 20 
8 . 120 1,000 6,000 5.54 20 
.48 11 -I Beam 7 72 525 3,000 3.92 20 
AASHTO-Type III 8 96 800 6,000 5.54 20 
P recast Sect ion 
h :: 56 in. 
A = 695 in.2 
I = 258,185 in.4 
Yb = 27 in. 
Wt= 724 plf 
dm = 24 cm 
I~ 
7 11 
I a" 
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21" 
-00 
I /1 
I 
ro 
7" I 7 11 
I 1 
I 
.,... Centroid ~<.O ~V rt>rt 1.0 
. 
~ 
I 
I ~ ~: 
-t-
-,.... 
7" a" 
1'-11" 
Composite Section (7.5" x'S4" Deck) 
h = 63.5 in.· 
A = r 140.78 in.2 
I = 551,563 in.4 
Yb = 39.8 in. 
wt. = 1380 plf 
Ed = 3.92 x 106 psi 
Eg = 5.54 X 106 ps i 
Sect ion P ropert ies 
56 in.-I Beam Fig. C.l (Modified Illinois Standard 54 in.-I Beam) 
C.G.S. (Parabolic) 
7.5 11 Deck 
C.G.C. (Composite) 
C.G.C. (Precast) 
.,~ ·1 I --I _ "I ~ __ _ 12.8 -, b~ i _ j L_ 
- . f=r 
'r-----: , 1 
62.5 . _ 
-. 
(a) One Span Beam 
e,G.s. {Two 4 th Degree Segments: AS and BC}· 
23.0" . L eck (For Propelr1' ies See Table 0.1) C~;========7(~-r(~~'~~~~{~--. (7 7 7 ' I J) /-r7 ---- I 
____ ---F~.G.C. (Precast ~[ Sect ion) . 
A A A 
1_- 50· 125 1 _1 
I 
(b) Two Span Beam 
Tendon Profiles 
Fig. C. 1 ( con tin u ed ) 
w 
(j) 
w 
C.G.S. (Three Parabolic Segments AB 1 CD, DE 1 and One St. Line BC) 
ct. 
!23.162" 
C.G.C. of Precast Girder 
~~ .. 
_ --:. -=:::-/-~ 13.53711 
(a) Tendon Profile (Piatt County Bridge) 
11-6" r ~ _I l· 
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o t() 
I'- I 
1'-1 
~ 11~IOu_----. 
-00 
00 Q 
C\I 
(b) Sect ion Propert ies 
h :: 48 in. 
A = 570 in~ 
I = 144117 in~ 
Vb = 21.088 in. 
Wt.= 595 plf 
f~ = 6000 psi 
Ec(28) = 5.54 )( 10· ps i (1970 C.E.B.) 
dm = 20cm 
Fig. C.2 Illinois Standard 48 in.-I Beam 
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Fig. C.3 AASHO-Type III Section 
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62..." 
4 
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Cl 
, .. 
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Section Properties 
Fig. C.4 Post-tensioned 78 in.-Box Girder Bridge 
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Fig. C.4 (continued) 
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(b) Section Properties 
Fig. C.5 Through Type Railroad Bridge Girder 
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APPENDIX D 
NOTATION 
The symbols used in this study are defined where they first appear. 
A summary of the basic notation used is given below: 
Ac = area of concrete cross section 
Ad = area of deck concrete 
Ag = area of girder concrete 
Aps = area of prestressing steel 
Ast = total area of longitudinal steel 
b = distance ,over which back-slip takes place, measured from 
. the jacking end along the length of the beam 
c = empirical material constant for stress relaxation, 
depends on the type of prestressing strand 
c.g.s. = center of gravity of the prestressing steel 
C = total number of tendons in post-t~nsioned beam 
= distance between bottom of deck and centroid of deck section 
unit or specific creep strain as a function of time, 
i.e., creep strain at time t due to a constant unit stress 
applied at time to 
= loss of prestress due to creep of the concrete CRc 
CR = 
s 
loss of prestress in a concrete beam due to stress 
relaxation of prestressing steel 
= pure relaxation or loss of prestress in stressed strands 
held at a constant strain 
d = theoretical thickness of the member, defined in Sect. 2.2.1 
m 
o = degree of hardening of the concrete at the time of loading, 
expressed as an equivalent age in days 
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e = eccentricity of the prestressing strands, measured from 
the c.g.s, to the center of gravity of the concrete; 
also used as base of Napierian logarithm 
~ 
e = effective eccentricity of prestressing steel~ including 
the effect of secondary moment 
E ,E (t) = elastic modulus of concrete at time t 
c c 
Eco = elastic :modulus of concrete at time of prestressing 
E A (t) = t~ngent modulus of concrete at time t Cl 
Ed'~d(t) = elastic modulus of deck concrete at time t ' 
Eg,Eg(t) = elastic modulus of girder concrete at time t 
Es = elastic modulus of prestressing steel 
ES = net prestress loss due to elastic shortening of the concrete 
= ~verage prestress loss due to elastic shortening of the 
concrete 
f = concrete stress 
c 
fc(t) = concrete stress at time t days after loading 
f~,f~(t) = cylinder compressive strength at time t days after ~asting 
fcb = concrete stress at the bottom of the composite section 
f = concrete stress at the level of the c.g.s. due only to 
cdr the dead load acting at the time of prestressing 
= change in concrete stress at the level of the c.g.s. 
due to all additional sustained loads applied after 
prestressing 
fCgt = concrete stress in the composite section at the level 
of the top fiber of girder concrete 
fcir = net concrete stress at the level of the c.g.s .. due to the 
prestressing force and dead load immediately after 
transfer of prestress 
f = 
ct 
fpu = 
fpy = 
concrete stress at the top of the composite section 
specified ultimate strength of prestressing strands 
steel stress at an offset strain of 0.001 
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f (t) s \ -, steel stress at time t 
fsi,fso = effective initial steel stress immediately after stressing 
or after transfer of prestress 
f . (t.) 
S1 1 
fsi(to) 
f . 
SJ 
fsri(t j ) 
f sx 
= 
= 
= 
-
= 
stress in prestressing steel at the beginning of the ith 
time interval, t. hours after transfer of prestress 
. 1 . 
hypothetical initial steel stress at time to corresponding 
to stress f .(t.) 
S1 1 
jacking stress in post-tensioned steel at the jacking end 
just before anchoring 
stress in prestressing steel at the end of the ith time 
interval, t. hours after transfer of prestress 
. J 
steel stress at any point x immediately after tensioning 
but before anchoring, x being measured from the jacking end 
= specified yield stress of prestressing steel, .at 0.85 fpu 
or at a total strain of 0.01 
FR = loss of prestress due to friction 
h = depth of concrete cross section 
hd = thickness of deck 
1 = moment of inertia of concrete or composite cross section 
c 
Id = moment of inertia of deck cross section 
Ig = moment of inertia of girder cross section 
k = wobble friction coefficient, per unit length 
k = factor for the influence of composition of the concrete mix 
b on creep and shrinkage strains, defined in Sect. 2.2 
kc = creep factor as a function of relative humidity of storage, 
defined in Sect. 2.2 
kd = creep factor as a function of age concrete at time of loading, 
defined in Sect. 2.2 
ke = factor for the influence of shape and size on creep and 
shrinkage strains, defined in Sect. 2.2 
I 
kp = factor for the influence of longitudinal reinforcement on 
shrinkage strain, defined in Sect. 2.2 
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kt = strain-time relationship for creep and shrinkage, defined in Sect. 2.2 
Kcr = creep loss factor defined in Sect. 4.2 
Kdm = factor which takes into account the effects of shape and size on shrinkage losses, as defined in Sect. 4.2 
Kdm = factor which takes into account the effects of shape and size on creep losses, as defined in Sect. 4.2 
i, ,Q,l 
In 
log 
LR 
= factor which takes into account the effect of relative 
humidity on creep ~osses, as defined in Sect. 4.2 
= shrinkage loss factor defined in Sect. 4.2' 
= factor which accounts for the shrinkage that takes place 
between end of curing and transfer of prestress, as 
defined in Sect. 4.2 
= factor which takes into account the effect of type of 
cement and age.of concrete at time of prestressing on 
creep losses,. as defined in Sect. 4.2 
= span lengths 
= natural or Napierian logarithm 
= -iogartthm-tobase 10 
= low-relaxation or stabilized strands 
m = factor to take into account the effect of elastic modulus 
of concrete at time of prestressing on creep losses, as 
defined in Sect. 4.2 
MdOcr(T) = 
MdOs h(T) = 
MOcr(T) = 
MOs h(T) = 
change in moment induced in deck concrete due to 
differential creep for the time interval T 
change in moment induced in deck concrete due to 
differential shrinkage for the time interval T 
change in differential creep moment acting at the 
interface between girder and deck during the time 
change in differential shrinkage moment acting at 
interface between girder and deck during the time 
change in moment induced in girder concrete due to 
differential creep for the time interval T 
interval T 
the 
interval T 
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change in moment induced in girder concrete due to 
differential shrinkage for the time interval T 
n = Es/Ec(t), modular ratio 
N = total number of strands in the post,...tensioned member 
NR = relaxation neglected 
p = Ast/Ac' percentage of longitudinal reinforcement 
Rdm = correction factor for the effect of member size 
on prestress losses, defined in Sect. 4.1 
RH = ambient relative humidity, in percent 
· S. 
J 
= number of strands in the jth tendon 
SH = loss of prestress due to shrinkage of the concrete 
SR = stress-relieved strands 
t,t'. = time 
1 
t l = time between end of curing and transfer of prestress, in days 
tadd = time between prestressing and application of additional load, 
___ in_days 
to = age of concrete at time of prestressing, in days 
t 
, ode = age of deck concrete at transfer of prestress or time between prestressing and casting of deck concrete, in days 
change in shearing force due to differential creep for 
the time interval T 
= change in shearing force due to different~al Shrinkage for 
the time interval T 
ygb = distance between bottom of girder and centroid of girder 
cross section 
Ygdm = distance between the centroidal axes of girder and deck 
cross sections 
Ygt = distance between top of girder and centroid of girder 
cross section 
a ~ total angular change of prestressing steel profile between 
the ja~king end and any point x al~ng the sban, in radians 
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u£ = ratio of end span to interior span in a continuous beam 
a = friction index defined in Appendix B, Sect. B.l!1.2 
y = friction loss parameter defined in Appendix B, Sect. B.l.1.2; 
also used as a parameter for composite section defined in 
Sect. B.2 
8 = change in length of a tendon element of length dx located 
at a distance x from the jacking end 
~ = anchor slip 
6f . 
Sl 
~f 
sr 
~R 
~. 
1 
~p 
c 
incremental loss of prestress due to all the effects of 
creep for the time interval 
= reduction in lona-term creep losses due" to the application 
of an additional sustained load placed after transfer of 
prestress 
incremental loss of prestress due to relaxation in a 
prestressed concrete beam for the time interval 
difference between long-term pure relaxation and loss of 
prestress due to stress rel~xation in a prestressed 
concrete beam 
= total long-term prestress losses referred to specified 
standard conditions, defined in Sect. 4.1 
= total long-term prestress losses; also incremental loss of 
prestress due to all effects of creep, shrinkage, and 
relaxation for the time interval 
= correction factor for prestress losses which takes into 
account initial prestress levels when different from a 
specified value, defined in Sect. 4.1 
= reduction in long-term creep losses due to the effects of 
shrinkage and relaxation, defined in Sect. 4.2 
= reduction in steel stress due to friction for an initial 
prestress level below 0.7 f u just after transfer of prestress p " 
= incremental changes in support moments due to all effects 
of creep, shrinkage, and relaxation for the time interval 
= incremental force in concrete at the level of the c.g.s. 
due to stress relaxation of the prestressing steel for the 
time interval 
375 
~Pce = incremental force in concrete at the level of the c~g.s. 
due to all effects of creep and shrinkage for the 
bP 
s 
time interval 
= incremental reduction in prestressing force due to stress 
relaxation for the time interval 
= incrementa1 change in prestressing force due to effects 
of creep and shrinkage for the time interval 
bSH = incremental loss of prestress due to shrinkage of the 
concrete for the time interval 
bt.,T = time' interval 
1 
= incremental change in concrete strain at the level of the 
c.g.s. due to aii effects of creep and shrinkage for the 
time interval, including the effect of any additional 
sustained load applied after prestressing 
bEcr = incremental creep strain in concrete at the level of the 
c.g.s. for the time interval 
bEOif = i.ncremental elastic strain in concrete at the level of the c.g.s. due to the effects of composite action for 
the time interval 
= incremental shrinkage strain for the time interval 
= incremental changes in unrestrained rotations at interior 
supports in continuous beams due to all effects of creep, 
shrinkage, and relaxation for the time interval 
E = basic shrinkage strain as a function of RH at a constant 
c temperature of 20°C, defined in Sect. 2.2 
Ecr,Ecr(t) = 
. Edcr (T) = 
initial strain at time of loading 
total creep strain at time t 
free creep strain of deck concrete for the time interval T 
elastic strain at bottom of deck due tp changes in 
differential creep shear and moment acting on deck 
concrete for the time interval T 
elastic strain at bottom of deck due to changes in 
differential shrinkage shear and moment acting on deck 
concrete for the time interval T 
differential creep strain at the interface between 
girder and deck for the time interval T 
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free shrinkage strain of deck concrete for the time 
interval T . 
= differential shrinkage strain at the interface between 
girder and deck fo~ the time interval T 
free creep strain of girder concrete for the time 
interval T 
EgDcr(T) = elastic strain at top of girder due to changes in 
. differential creep shear and moment acting on girder 
concrete for the time interval T 
elastic .strain at top of girder due to changes in 
differential creep shear and moment acting on girder 
concrete for the time interval T 
free shrinkage strain of girder concrete for the 
time interval T 
shrinkage strain in unloaded specimen 
= total ultimate shrinkage strain measured from the time 
the concrete is allowed to dry 
Etat(t) = total strain in loaded specimen 
S = nondimensiona1 section parameter defined in Appendix B, 
Sect. B.l. 1.19 pertaining to the section properties 
at time t 
So = S at time of prestressing 
n"n2,n3 = friction loss parameters defined in Appendix B, Sec. B.1.1.2 
e = slope discontinuity in cable profile 
K = ratio of deck stiffness to girder stiffness 
A = section parameter defined in Appendix B, Sect. B.4 
~ = curvature friction coefficient 
~ = friction loss parameter defined in Appendix B, Sec. B. 1. 1.2 
creep coefficient defined in Sect. 2.2 as the ratio of 
creep strain at time t to initial elastic strain under 
a constant stress applied at time to 
change in differential creep curvature for the time 
interval T 
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¢Dsh = change in curvature due to the change in differential 
shrinkage for the time interval T ' 
change in curvature of deck due to changes in differential 
creep moment acting on deck concrete for the time interval T 
change in curvature of deck due to changes in differential 
shrinkage 'moment acting on deck concrete for the time 
interval T . 
change in curvature of girder due to changes in differential 
creep moment acting on girder concrete for the time 
interval T 
change in curvature of girder due to changes in differential 
shrinkage moment acting on girder concrete for the time 
interval T 
change in curvature of deck due to creep of deck concrete 
for the time interval T 
change in curvature of girder due to creep of girder 
concrete for the time interval T 

